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CHANNELIZATION OF MOTOR TRAFFIC 
By Guy KELcEy,: M. Am. Soc. C. E. 


SYNOPSIS 

The motor car provides great individual freedom, range, and flexibility of 
movement. Many millions of these motor vehicles are operated, at high 
speeds, along a multiplicity of intersecting roadways. Although most drivers, 
both amateur and professional, have acquired surprising skill, traffic accidents 
and congestion have become a major public problem. 

Channelization, which refers to means by which certain aspects of this 
oroblem may be attacked, proceeds on the principle that traffic safety and 
ficient roadway use are each necessary to, and functions of, the other and that 
doth are products of order. By confining movements of vehicles to definite 
anes, channelization avoids or reduces disorders arising from conflicting move- 
nents. In part, too, it accomplishes its purposes by simplifications to which 
lrivers respond naturally. It utilizes the skill and ability of drivers as a whole 
nd, to a considerable extent, prevents or neutralizes faulty driving. The 
esult is a self-regulated flow which insures orderly operation of vehicles by 
rivers as individuals and by groups. 


CHANNELIZATION 


The history of civilization is a record of transport which, in its turn, is a 
tory of channels. Making use of many kinds of transport for himself and his 
ossessions, man traveled and “took root,” through the centuries, mainly over 
vater and along natural land channels, which followed the most convenient 
ourses between major, distant points. Caravan routes, the Santa Fe and 
regon trails, Mississippi River traffic, and even modern air routes are examples. 

Man settled the narrow strips of good land adjacent to these routes of 
ravel. At major junctions, bulges of population developed into the important 
ities of today. These over-crowded peaks of population are a consequence of 


Norz.—Written comments are invited for immediate publication; to insure publication the last 
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earlier forms of transport, which provided conveyance between major points 
but did not do a good job of local distribution. The motor car, which is dis- 
tributing these bulges of population more uniformly and over wide areas, pro- 
vides greater use of existing channels, is creating a multiplicity of new ones, 
and is reaching others not hitherto accesible. It has multiplied, by many 
times, man’s speeds, his range, and the number of courses along which he may 
travel and adjacent to which he may settle. 

All important transport, even ‘on wide oceans and in the three-dimensional 
air, operates, then, within the limits of quite definite and very narrow paths. 
As these paths become crowded, or because they are not exactly fixed, those 
who use them must conform to quite exact rules. In particular, these rules are 
made to keep travel within the limits of directional or one-way channels so that 
opposing and cross movements shall be in least interference. Any failure to 
adhere to these rules and to keep within assigned channel limits reduces flow 
efficiency and increases hazard. The establishment and strict application of 
such rules has not proceeded as far with respect to the operation of the motor 
car as it has with relation to other forms of transport. 

As a newcomer in the transport system, the motor car has, in a sense, 
shouldered its way into the general scheme of things. It is to be expected that 

‘its intrusion into, and its impact on, existing institutions, practices, and habits 
should have many dislocating and jarring effects. On the other hand, it is the 
only means of power transport available to the non-professional and individual 
operator generally, and these amateur drivers constitute the great majority of 
automobile operators. It is amazing how competent many of them are, what 
a slight degree of control they actually need, and what a complete and easily 

‘controlled device the motor car has become. In fact a survey of accidents 
involving drivers in Connecticut (particularly accident repeaters), for a period 
of six years, discloses 98.7% of all drivers to be normally efficient.? 

The surprising fact, then, is not the congestion, the accidents and other 
problems which the motor vehicle has introduced, but that so much progress 
has been made in so short a time in the evolution of such a vast, new and vital 
means of transport without the development of problems that are much worse. 

There are so many automobiles, and they move so fast that it has not been 
possible, by police or other regulation, to force all drivers to conform exactly 
to the rules that are aimed to insure orderly movement. Neither has it been 
possible to educate or force each driver to keep in his own place or channel and 
to keep out of wrong ones because most roadways permit and often invite 
wrong movements. It is the writer’s contention that if proper directional 
channels are made logical, easy, and inviting to use, and if others are made 
unattractive and difficult, drivers (who, in the main, are surprisingly competent 
anyway) will follow lines of least resistance and use the right ones. Thus quite 
a number of the traffic problems that bother traffic officials will cease to exist 
for lack of cause. The subject of this paper—channelization—refers, then, to 
the means by which good driving is made easy and bad driving difficult. 


2**The Normal Automobile Driver as a Traffic Problem,” by T. W. Forbes (of the Bureau of Street 
Traffic Research, Yale University, New Haven, Conn.), Journal of General Psychology, 1939, pp. 471-474. 


a 


December, 1939 CHANNELIZATION OF MOTOR TRAFFIC 1651 


Of course, the conception of one side of the road being used for cars traveling 
in one direction and the other side for cars going the other, even if the road is 
not physically divided, is elemental. This rule ‘‘Keep to the Right’ (or left, . 
in some countries) is so thoroughly comprehended by all persons that it con- 
stitutes a foundation upon which the solution of any traffic problem must 
be based. 

It is interesting to report that Mr. William Phelps Eno? defined and adapted 
many of the principles of channelization early in this century by applying them 
to the solution of problems introduced by increasing concentrations of car- 
riages, bicycles, and early motor cars in New York, N. Y., Washington, D. C., 
andin Europe. Thecreed of the Eno Foundation for Highway Traffic Control, 
“Ex chao ordo” (out of chaos, order) is a wholly satisfactory introduction to 
the writer’s subject, and to the statement that efficient, smooth-flowing, safe, 
motor traffic is a product and consequence of order. Channelization refers to 
means by which traffic may be made self-regulating and orderly. 

The motorist is often charged with errors which, in reality, are natural 
consequences of disorder arising from inadequate or faulty roadway conditions 
that invite such errors. Fluid traffic flow and safety, which are functions each 
of the other, are both products of order; and order, in turn, is one function of 
proper roadway design. 

Channelization, which is concerned primarily with problems of the pave- 
ment surface and above the surface, establishes proper lanes within which 
movements of vehicles are confined. It increases the utility and safety of 
automobile transport by simplifying traffic flow and by eliminating confusions, 
conflicts, and eddy currents. It takes advantage of the high degree of skill 
and instinctive driving capacity possessed by a vast majority of drivers and 
does much to neutralize the unsatisfactory performance of a few drivers who 
may not drive properly, either occasionally or habitually. Finally, it invites 
and encourages good driving manners, bad ones being quite often more an 
evidence of confusion or desperation than of poor sportsmanship. 


Human Factors 


In seeking causes of traffic difficulties and in applying corrections, several 
factors, the more important of which are mentioned herewith, must be kept 
in mind, 

Instinct Factors—Many driving practices, including most good ones, 
naturally become habits, which, in turn, become instinctive. Timing and co- 
ordination, which are instinctive factors, are as necessary to good driving as 
to good music. In working with traffic, it is important to establish conditions 
favorable to the natural exercise of these instinctive qualities so that the 
driver’s mind may be on the alert, and free to ‘‘captain” the vehicle, to navigate, 
and to attend to small adjustments and driving emergencies. 

Course of Least Resistance, Speed, and Simplicity —A driver tends to take 
the most convenient course, the course which calls for the least effort, causes 

3"'Street Traffic Regulation,” 1909, p. 7, Sections 437 and 440, pp. 10, 11, 28, 29, and ‘‘The Science of 


Bishwey, Traffic Regulation,” 1920, pp. 26-39, Eno Foundation for Highway Traffic Control, Saugatuck, 
onn. 
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least discomfort, and requires least reduction of speed. Channelization, which 
blocks wrong courses or makes them difficult, makes correct ones easy, con- 
venient, and inviting. 

Traffic solutions should be based on the fact that drivers tend to operate 
at speeds up to the limit of their feeling of security and comfort, but few drivers 
press beyond this limit. Although this speed factor varies, depending on the 
driver, the car, the weather, and other conditions, approximate speeds at which 
normally good drivers (and this means most of the traffic load) will operate, 
under a given set of circumstances, usually can be predicted or arranged in 
advance. 

Advertisers tell it to the “‘Zilches” and the “Stuyvesants” understand. 
Channelization, which is designed to be understood by the few who are poor 
drivers, offers no difficulties to the great majority who are good ones. 

Heads Up.—When boys walk railroad rails those who keep their heads up 
go farthest. A structural worker on “high steel’’ fixes his attention ahead. 
To walk a line one must look at a point that is up and ahead. 

A good driver must keep his head and his attention up. He does not, 
then, so much approach objects 100, 200, 300 or more feet in front (depending 
on speed and circumstances) as pass them. Thus, while his attention compre- 

hends both near and far range of roadway in front, his major interest is focused 
well ahead, observing and evolving his plan of action and checking it constantly. 
Except in the case of necessity, he gives near ranges checking and glance at- 
tention only. The more open the road and the greater his speed, the farther 
ahead is his attention focused. 

Roadway design should, and channelization treatments must, be laid out 
with this factor in mind. What the driver is to do must unfold and be suffi- 
ciently apparent from a distance so that his major attention may be given to 
other matters on closer approach, and so that he may continue to operate his 
vehicle with his head up. Since channelization eliminates irregular vehicular 
movements, a driver’s attention is not distracted by the treatment itself or by 
the possibility of surprises from other vehicles. Therefore, he is free to form, 
and to execute, good judgments with respect to the fewer and lesser problems 
that remain, both immediately in front and far ahead of him. 

Since channelization takes advantage of instinctive driving propensities, 
the success of a channelizing treatment will usually be in proportion to its 
glance or instinct value. Such a treatment must have no surprises or ‘‘am- 
bushes” and must be so well thought out and designed that it need not be solved 
consciously by the driver. A driver goes in only one direction at a time and, 
progressively, should make only one decision at a time. If the treatment is 
well done, he is never in doubt because his course and his next action will 
always have a one-step-at-a-time simplicity. 


Driving Factors 


Merging, Intersecting, and Opposing Movements.—In the illustrations that 
follow, arrows indicate courses and directions of vehicles. However, arrows 
cannot represent, accurately, the effect of a moving vehicle as a zone of in- 
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fluence that varies with velocity and is subject, as well, to driver characteristics 
and other factors. Thus, a standing car influences only its area. When this 
car moves, it commands leeway on both sides and clearance ahead which, at ° 
speed, is many car lengths in extent. The intersection of the courses of 
vehicles, then, involves moving zones of influence with the actual vehicle ap- 
proximately centered, as a core, in the rear of each zone. 

When two cars operate in the same direction, the movement is a merging 
one and the relative speed of the merger approaches the difference of their 
speeds, as a limit. Thus cars A and B (Fig. 1), moving parallel to each other 
at 45 miles per hr and 40 miles per hr, have a relative speed of 5 miles per hr. 

When two cars, A and £# (Fig. 2), intersect at a right angle, each maneuvers 
with respect to the other at his own speed. Each driver works to a definite ' 


E 
B—_—_—> 
a ee 
Fie. 1 Fie. 2 Fic. 3 


reference point and, subject to visibility and high-speed factors, each gages the. 
actions of the other with reasonable accuracy because, relatively, each moves 
across, rather than along, the other’s range of vision. 

Two cars, A and H (Fig. 3), moving in opposite directions at 45 miles per 
hr and 40 miles per hr, have a relative speed which is the sum of their speeds, 
or 85 miles per hr. The exercise of good judgment in the face of high, relative, 
head-on, speed is often difficult, where the courses of vehicles intersect, because 
each driver moves along (as distinguished from across) the other’s range of 
vision and neither has any definite reference point to guide to. 

The movement of two cars in the same direction and parallel to each other 
is most efficient and the safest. Progressively (see Fig. 4), as the movement of 


Opposing 


One Way 
) —— Se yor» <_— <=—_- ~_ pe 
Fic. 4—Sprreps or B, C, D, E, F, G, ann H a 


Moyine ar 40 Mites per Hr RELATIVE 
to A ar 45 Mites per Hr 


40 Feet 


ais, 5 
cars becomes increasingly opposed (as A and B, A and C, A and D, A and £, 
A and F, A and G, and A and H) conditions favorable to natural or instinctive 


driving decline. Uncertainty and hazard increase and efficiency of movement 
is reduced. The increasing relative speed of car A, at 45 miles per hr, with 
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respect to B, C, D, E, F, G, and H, at 40 miles per hr, is indicated by scaled 
lines in Fig. 4. This increase in relative speed ranges from the difference of 
speeds, as in the case of A and B, to the sum of the speeds, in the case of A 
and H. 

As traffic movements become increasingly opposed, confusion and un- 
certainties develop and multiply. Under more complicated circumstances, 
involving fixed objects and many moving vehicles from various directions, in 
combination with a large number of possible paths, quite complex situations 
of rapidly changing relationships often upset the natural rhythm of driver 
actions. Resulting disorders are progressive and, once started, are most 
difficult to control. Channelization accomplishes the easier objective of 
preventing the introduction of disorders. 

A traffic circle (Fig. 5) with a diameter, of several hundred feet, would 
provide a merging movement of vehicles which would be essentially parallel. 
Traffic flow would be continuous, and maneuvering of vehicles with respect to 
each other would be at the difference of their speeds. 

If the diameter of such a circle is reduced gradually, the courses of vehicles 
will merge and finally cross at steeper and steeper angles which approach a 
right-angle intersection (as in Fig. 6) as a limit. 


To go beyond a right-angle intersection creates opposing movements which 
should be avoided. In Fig. 7, path A merges with path B but opposes path D. 
Path C merges with path D but opposes path B. Thus, the value of two 
merging movements is more than offset by two opposing movements. 

From the foregoing, conclusions may be drawn that, where roadways 
intersect, the merging movement created by rotary traffic is safest and most 
efficient and that these advantages gradually reduce as the radius of the rotary 
movement decreases. If a rotary movement cannot be established so that all 
movements merge, then a merging intersection or a right-angle intersection 
(which a rotary movement approaches as a limit) is to be preferred and design 
that create opposing movements are best avoided, 
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Intersection Efficiency—When continuity of flow (which occurs when inter- 
secting roadways enter a traffic circle so that vehicles merge in a rotary move- 
ment) cannot be arranged, certain inefficiencies, which result from interrupted ° 
or shuttling movements, must be kept in mind. 

The maximum flow capacity of an intersection of two roadways at grade 
cannot exceed the capacity of the roadway with the greatest number of feeder 
lanes. Since the number of feeder lanes of important intersecting roadways is 
usually equal, the maximum possible capacity of a normally important inter- 
section cannot exceed half the capacity of all approach or feeder lanes—that 
is, of the same intersection with roadways separated (see Fig. 8)—since, if one 
road keeps full, the traffic on the other has no chance to cross. This 50% 

- maximum efficiency can then be attained only when traffic is flowing continu- 
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ously along one roadway, without interruption. The following discussion of 
flow efficiency at a normal intersection, where the direction of traffic flow is 
alternated constantly, is then in terms of some portion of this maximum possible, 
50% efficiency, and is based further on the assumption that traffic is feeding 
in from each direction as fast as the intersection can absorb and clear it. 

Assume a simple, right-angle intersection (Fig. 9) equipped, for purposes of 
this example, with stop-and-go signals. When the red signal stops traffic A, 
a 3-sec or longer intermediate clearance interval is allowed normally for that 
traffic to clear the intersection, after which traffic B gets the green “go” signal. 
This 3 sec is lost because the main movement, during this time, is at a standstill 
in both directions. If the cycle of signal operation is 60 sec, this clearance 
interval time represents 5% dead loss per reversal. Since there are two re- 
versals of traffic movement per cycle, a total loss of twice 5%, or 10%, occurs, 
per signal cycle, at the usual simple right-angle intersection, in clearing the 
intersection so that alternate crossing movements may be released. 

When traffic B gets the green signal, cars in line do not spring into instant 
motion. Unless he “‘jumps”’ the amber light, the first driver will normally lag 


rd 
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in starting from a half to a full second, after the green signal appears. The 
second car will lag, in starting, behind the first and so on. Thus, under heavy 
load conditions, a favorable green signal will complete its interval and change 
again to red by the time a line of cars has ‘“‘accordianed”’ out and the end cars 
are started. Therefore, if a flow of vehicles is stopped and then restarted a 
considerable period elapses before efficient lane flow is again attained. Principal 
reasons are driver perception and reaction lag in starting, acceleration lag, a 
confusion or eddy current lag, and, at intersections, delays arising from turning 
movements abnormally impeded by the “bunching”’ of cars. 

It will be obvious from the foregoing that deceleration and clearance losses 
in stopping a flow of vehicles in one direction, and losses in getting started by the 
crossing movement, introduce a very definite inefficiency every time traffic 
movements are reversed. These losses would not occur (as an example) if the 
crossing roadways were separated. 

Consider now any intersection which is not at a right angle, as Fig. 10. 
Traffic C, with much farther to go to clear the intersection, takes 5 sec to clear. 
This adds to 10 sec lost in a two-interval cycle or 162% loss, if a 60-see cycle 
is used. Traffic D is as inefficient in starting as before and now has farther to 
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go to refill the intersection, thus putting it back into full use. Therefore, inter- 
sections at other than right angles are even less efficient, when considered in 
terms of alternating movements, than intersections where roadways do cross 
at right angles. 

At complicated intersections, as in Fig. 11, where three-interval cycles are 
used, these losses are often greater. Traffic G requires at least 5 sec to clear 
the intersection when the green light disappears. ‘Traffic H is subject to the 
same losses, as shown for Fig. 10, in restarting and in again attaining reasonable 
flow efficiency. - These losses occur in each reversal. Thus, in a three-interval 
cycle at this intersection of, say, 75 sec total length, 15 sec or 20% may easily 
be lost per cycle in stopping and clearing each movement to make way for one 
of the other crossing movements. If the losses, occurring when a line of 
vehicles restarts, are added to the stopping and clearing losses it will be ap- 
preciated that a two-interval signal cycle is to be preferred to a three-interval 
cycle, 
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An objective of channelization is to create conditions favorable to the most 
efficient traffic flow at each location by simplifying movements of intersecting 
vehicles, by reducing the range of alternation or amplitude of shuttling, by » 
channelizing to reduce to a minimum, the number of reversals per cycle where 
signals are used, and, if a continuous merging movement cannot be effected, by 
channelizing traffic flow to insure that vehicles intersect at or near a right angle. 
Thus, in the case of the multiple intersection shown by Fig. 11, channelization 

’ can be used often to establish merging movements or to reduce the range of 
alternation or shuttling quite substantially and, if signals are necessary at this 
intersection, to reduce the usual three movements to two per signal cycle. 

Left Turn—Theoretically, all cars turning left should circle the center of 
an intersection. Practically, another type of left turn is usually more desirable. 
As shown in Fig. 12, cars turn left around the center at such short radius that 
even those with short wheel bases find the turn difficult, whereas a truck, or a 
ear with a long wheel base, often finds it impossible to make the turn. It will be 
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noted that cars turning left, from each direction, describe paths that intersect 
at eight points. With this type of turn, intersection “jams” or “lock ups” 
occur frequently. 

Another, and much more natural left turn, is one in which the north-bound 
car, Fig. 13, turning left (west), enters the intersection from a position to the 
right of the street center line and leaves to the right of the center line of the 
street on the left. All four cars, each turning left, describe paths which inter- 
sect at only four points. This “inside left turn” is efficient, faster, safe, and 
natural. 

Channelization creates conditions at intersections which permit the “inside 
left turn” but make its abuse difficult. Some of these abuses are shown in the 
following examples. 

Approach from Behind and Eddy Currents—A traffic accident is not a pre- 
meditated act but occurs when something unexpected and unlooked for happens. 
One course of least resistance that results in unexpected traffic movements, 
disorder, and accidents at intersections is the short-cut, left turn. 
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Obeying a natural impulse, a driver follows the most convenient, straight- 
line or long-radius course in an unrestricted intersection or traffic area. If (as 
is usually the case) the course followed is a wrong one, he goes too fast, operates 
in and across wrong lanes and comes unexpectedly upon other cars from head-on, 
sum-of-the-speed angles. j 

Driver A, Fig. 14, cuts a short corner. Taking a long-radius course, his 
speed is high. He gets into two wrong channels. Like a man walking di- 
agonally across a street intersection, 
he must now look in three directions 
at once to watch out for the possi- 
bility of cars B, C, and D. Driver 
B’s attention at the moment is prop- 
erly devoted to driver C. Driver C 
gives his attention first in the direc- . 
tion of driver D and then in the 
direction of driver B. None of them 
is looking for, or expecting, the move- 
ment of driver A. While car A 
merges with car D, it intersects the 
courses of cars B and C at opposing, 
sum-of-the-speeds angles. Pedes- 
trians W, X, Y, and Z are watching 
cars Band C. They do not expect, 
or look for, car A. In each case 
driver A comes upon other drivers and pedestrians unexpectedly and from 
behind their respective ranges of vision. Drivers B, C, and D and pedes- 
trians W, X, Y, and Z abandon 
natural or instinctive driving and 
walking habits and do unexpected 
things that now make them danger- 
ous to others and to themselves and 
which are characteristic of the dis- 
orderly and hazardous, traffic eddy 
current. Such eddy currents are 
progressive and tend to increase from 
minor to major complication. 

Traffic eddy currents are illus- 
trated by the sequence of events 
leading to an actual accident shown 
in Fig.15. Driver A, making a long- 
radius, short-cut turn at speed, passed 
driver H. Because visibility was ob- 
scured by a building, driver A did 
not, at first, see driver B. With right of way over driver C and looking in 
the direction of driver C, driver B started across the intersection. Driver 
A, to avoid driver B, deflected right forcing driver C to the left, and driver 
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H, dodging driver C, crashed into car D. This eddy current movement in 
which one car, cutting short and from behind, forced other cars progressively 
into unexpected opposition at sum-of-the-speed angles, is a common occurrence ° 
which may be observed in some degree at any ordinary intersection, if the 
movement tracks of cars are traced, during a period of light traffic, on an 
intersection diagram. 

In round numbers, 75% of traffic accidents in cities and 25% on highways 
occur at intersections. Of course, there are many more intersections per mile 
of street than per mile of road so this percentage difference does not indicate 
that a highway intersection is less dangerous than one in town. Irregular 
movements at intersections, arising principally out of high-speed, short cuts 
and turns, or improper passing, are a major cause of these intersection accidents 
and of the inefficient traffic flow so often conspicuously apparent. Channeliza- 
tion, properly applied to simple, as well as to complicated, intersections, pre- 
vents the irregular vehicle movements that are a cause at once of accidents and 
of inefficient vehicle flow, both of which result from the same disorderly causes. 

Right of Way.—The law that gives right of way to the driver on one’s right 
is a little-recognized source of confusion where vehicles intersect. 

Under the law that gives right of 
way to the driver on one’s right (Fig. 
16), driver A has right of way over 
driver B, driver B over driver C, 
driver C over driver D, and driver 
D over driver A. In the exercise of 
this right, a driver may find himself 
blocked in the middle of an intersec- 
tion by another driver who is in turn 
blocked by still another. 

The law results in other confu- 
sions. Driver A enters the intersec- 
tion with, in his judgment, apparent 
right of way over B. If A is wise he 
will give close attention to Bon his_ ; 
left to avoid collision if Bassumeshe Peg he Ue 
has right of way or fails to obey the 
law or if, due to speed or other differentials, the question of who has the right 
of way is uncertain. Concerned with B on his left, who is his first and immedi- 
ate problem on entering the intersection, A must often look two ways at once 
and settle a problem of relative speeds and distances to determine if D, who is 
on his right, is within an approximate right-of-way range and is therefore 
entitled to it or not. 

In this problem (which involves looking two ways at the same time, often 
from a position within an intersection), swift appraisal of a number of varying 
factors, and quick decision, confront a driver each time his course intersects 
those of other vehicles. As a matter of fact, the writer is not familiar with any 
tule by which a driver can know exactly just when another driver on the right 
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is entitled to right of way—whether it is when two cars are a block apart, 100 
ft apart, or 50 ft. This makes the problem of determination, which is trouble- 
some enough anyway, doubly difficult. 

Assume that the law were changed to give right of way to the man on the 
left, as illustrated by Fig. 17. From a position outside of, rather than within, 
the intersection, driver A gives major 
attention to B who is now not only 
the one whose path he crosses next 
but also the driver to whom he must 
yield right of way if B is within or en- 
tering the intersection. This points 
to a suggestion of a definite and 
easily established reference point, 
namely: “if B is within or entering 
the intersection” he has the right of 
way over A. When A does enter 
the intersection his right-of-way re- 
lationship with D is similarly simpli- 
fied for both drivers; that is, when 

40 Feet A reaches the curb line he has right 
Fre. 17 of way over D if D is outside; but 
he does not if D is entering or is inside. 

Thus, if right of way were given to the driver on the left, center of the inter- 
section, lock ups now resulting from the opposite rule would be avoided, and 
the problem of who has right of way would be simplified greatly. Problems 
arising from having to decide two things, and to look two ways at once—toward 
the man on one’s left whose course one intersects next and the man on one’s 
right who is entitled to right of way— would be reduced or avoided. 

Furthermore, the question of who is to have the right of way next would be 
determined by driversfrom a distance equal to the roadway width apart, before 
they enter the intersection, and therefore from a position of safety. Drivers 
would not have to make this decision as they are entering or are actually in the 
intersection exposed to collision or, in any case, in close range contact with 
other vehicles, as is the case under the present rule. 

When cars travel on the left side of the road and the driver sits in the right 
side of the car as in England, the rule that gives right of way to a driver on the 
right is easily obeyed because it is instinctive. In the United States, where 
one drives to the right and sits in the left side of the car, to yield right of way 
to a driver on the left is instinctive and natural whereas giving right of way to a 
driver on the right is unnatural, less efficient, and unsafe. 

Channelization cannot correct, but it may often be applied to modify, con- 
fusions arising from this reversed regulation at ordinary intersections. It 
reduces confusion caused by this regulation in large traffic areas. This is 
particularly true where, in a channelization treatment, merging movements of 
vehicles can be arranged. 
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APPLICATIONS 


The foregoing is an approach to necessary understandings and points of 
view of the engineer who studies a traffic situation with the object of creating 
a design of roadway that blends driving requirements and driver characteristics 
into a satisfactory solution. Such an engineer understands that channelizing, 
properly done, is a form of regulation by which right actions are made easy and 
wrong ones difficult. He knows that agreeable restraints, to prevent irregular 
movements of vehicles, establish order that avoids accidents and promotes flow 
efficiency. A number of actual examplesfollow. These start with simple prob- 
lems and progress by steps through more complicated and difficult situations. 

Simple Intersections—Accident hazard is greatest as to likelihood and 
severity when traffic is light, fast, and unrestrained. Hazard declines as 
traffic density increases, up to the point of such dense traffic that vehicles 
scarcely move, in which case hazard approaches zero. In many business 
districts, less than half the accidents occur during business hours and the 
remainder (which are also the most serious) occur when the business day is over 
and traffic load is lightest. If vehicle track patterns in intersections are traced 
while the traffic load is heavy, the movement of cars will be observed to be quite, 
orderly and, for the most part, proper. As traffic density declines, speeds 
increase, and patterns become increasingly irregular, as indicated by Fig. 18. 
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Left turns particularly change from orderly movements to high speed, short cuts. 

One function of channelization consists in the treatment of ordinary inter- 
sections to correct these disorders. Thus, the most convenient course for car 
A in clearing the lower island, Fig. 19, is to drive straight ahead and to begin a 
left turn at or beyond the end of the island. Starting a turn from this position 
and making it at maximum comfortable speed (which drivers may be counted on 
to do), car A will enter the street to the left correctly, even if it is a wide one— 
that is, to the right of its center line. 
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Similarly, driver D, turning left, will clear the lower island most con- 
veniently by continuing into the intersection to the right of the center line of 
the street he is leaving, thus making a natural turn and dropping straight in 
past the island. The upper island similarly regulates the movements of 
vehicles Band C. Thus two islands placed in opposite throats prevent irregular 
turning movements in the intersection. 

To state this in another manner: Drivers A, B, C, and D find correct move- 
ments easy and natural and wrong ones not only awkward but actually difficult 
and inconvenient. Pedestrians are safeguarded by islands of refuge and by the 
fact that traffic movements are orderly and predictable. 

If stop-and-go signals are used at this intersection they may often be in- 
stalled, particularly in cities and towns, on pedestals on these islands where, in 
addition to their normal functions, they signalize the islands; and, from this 
position, they usually have best visibility to drivers and to pedestrians. Such 
treatment has the value, also, that the signal need be operated “‘stop” and 
“go” only during rush hours and the channelizing treatment meets require- 
ments, at other times, with signals flashing amber, thus permitting continuous, 
safe movement of traffic. 

Wide Throat Intersections —Given the opportunity to roam over an enlarged 
area, drivers accept the invitation and invariably proceed along paths which 
are the shortest or fastest courses between any two points, as shown in Fig. 20. 
It will be noted that vehicles intersect at steep, head-on angles, approaching 


each other at nearly the sum of their speeds. The short-cut, vehicle paths and 
speeds “too great for conditions” on left turns are not supposition. If the 
opportunity is there, it will be taken advantage of, except during the periods 
of heavy load. 

The treatment used in the correction must be carried from the curb line 
back somewhat behind the point where the roadway is of normal width (see 
Fig. 21); otherwise the invitation to cut short remains. The short cut must 
be blocked. 

Enlarged Throat, Dead Ends.—The short-cut, long-radius, high-speed move- 
ments indicated in Fig. 22, produce head-on, sum-of-the-speed, vehicle inter- 
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sections. Pedestrians, particularly, have a difficult time in these situations 
because it is often not clear, at any point, from which direction the next car 
will come. Drivers, also, find themselves in the same predicament. 

Two corrective treatments are indicated in Figs. 23 and 24. It will be noted 
that both treatments block wrong courses and make right ones easy and inviting. 
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Note, too, that, in all cases, intersection of vehicle paths is about at right angles 
and that turning movements are easy and normal. Pedestrian refuge islands ' 
on the sides as indicated on Fig, 23 may be desirable sometimes. 

Offset Intersections —The type of intersection shown in Fig. 25 usually 
develops the compound crisscross of movements indicated. Examination of 
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curb faces at the lower right and upper left hand corners often discloses abrasion 
and tire marks from traffic A and B which strike at the upper left and traffic 
C and D which strike at the lower right. Wheel-mark patterns on the pave- 
ment usually confirm how completely offside drivers do get when the inter- 
section layout invites such movements. The treatment shown in Fig. 26 
corrects faulty movements and provides pedestrian safety in the two offset 
street throats as well. 
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Angled Roadway Intersections—The angled street type of intersection in- 
vites a long, speedy short cut in which cars A and B, Fig. 27, approach head on. 
Because of the distance between curbs, the pedestrian hazard is greater than 


normal. If no left turns are made into the angled roadway the treatment 
indicated in Fig. 28 is effective. Where left turns are a factor, as in Fig. 29, 
the island may be reduced to permit a free, easy-radius, left turn. In cases of 
heavy pedestrian traffic, the right-hand island, as shown in Fig. 29, may be 
desirable. In any of these treatments, pedestrians, as well as drivers, have 
only one direction to look atatime. Traffic A, the conflicting element, without 


being unreasonably inconvenienced, is forced into a right-angle intersection, 
at a moderate speed, with traffic B, and is no longer a menace to pedestrians, 
to other drivers, and to itself. i 

Y-Intersections—Although the construction of Y-intersections should be 
avoided, many exist to plague the driver and the traffic official (see Fig. 30). 
They invite the type of head-on intersections of vehicles at steep, sum-of-the- 
speed angles that are the cause of continuous disorder. Such conditions render 
judgment difficult and change instinctive and natural driving to the uncertain, 
unpredictable movements of a driver who proceeds on the basis of separate 
observations and of separately thought out actions. Such drivers, whose 
timing now goes askew and who do erratic things, are often mistakenly charged 
with carelessness, 
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Treatments shown in Figs. 31, 32, and 33 block wrong courses. They 
cause traffic A and B to intersect at a right angle and at an observable, predict- 
able point. Note that the axis of the treatment may be swung to accommodate 
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an equally distributed load, or to give greater convenience to a heavy traffic 
load in one direction. Note, too, that islands used extend back far enough to 
prevent cutting short. 

X-Intersections—The X-intersection is a double Y with two extra head-on 
movements added so that the problem is compounded (see Fig. 34). Drivers 
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often find instinctive judgments incorrect because the actions of other drivers 
are unnatural and unpredictable. An eddy current involving one or two cars 
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suddenly spreads to a number, for quite a distance back in two or more direc- 
tions; and chaos, which always threatens, often follows. 

The axis of the correction is usually arranged to favor heaviest load, as 
indicated in Figs. 35, 36, and 37. Definite reference and intersection points 


are established and orderly movements give instinctive driving abilities more 
chance. 

Treatment to Favor Traffic Load—A good example of swinging the axis of 
a traffic island treatment to favor the heavier load is to be found in the ‘‘Miracle 
Mile” near Phoenix, Ariz. (see Fig. 38). In this case, the main loading A and 
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B is convenienced, whereas C and D are forced into slower paths which merge 
in the case of C, B, and A and, in the case of B and D, intersect on the merging 
side of a right angle. . 

Parkway Intersections—The center parkway type of intersection, shown in 
Fig. 39, invariably breeds much trouble for both pedestrians and drivers. 


Vehicle courses, usually shown quite clearly by wheel tracks on the pavement 
explain why. 

Special difficulties introduced by the center parkway are easily corrected 
by the installation of the center island, Fig. 40, which, if properly located, 
prevents irregular movements and invariably eliminates the problem. 

Grand Circus Parkway, Detroit, Mich., is a major city street with a wide 
parkway down the center. There is a heavy U-turning movement of traffic 
to hotels, offices, and shopping districts. ‘Turn through” openings are pro- 
vided in the parkway as shown in Fig. 40. These openings may be near the 
intersections or closer to the center of the block, as conditions dictate. In either 
case, they permit a car to execute a U-turn without crossing pedestrian lanes 
or getting into interference with traffic in the intersections. These “turn 
through” openings also provide a means by which left turns may be eliminated 
at intersections of parkway streets or divided highways. In such a case a 
driver, wishing to turn left, proceeds beyond his intended roadway to a “turn 
through” from which he merges with opposite traffic, back tracks to his road 
or street, and turns right. Cross traffic intending to turn left is accommodated 
similarily. 

Multiple Intersections Multiple intersections (Fig. 41) frequently present 
very complicated problems of safety and flow efficiency for both vehicles and 
pedestrians. If there must be such intersections, there are often quite simple 
channelization treatments which remove many of the difficulties and simplify 
the problem so that, if further correction is needed, simple signal-control 
methods meet any remaining requirements quite satisfactorily. 

The half circle or built-up sidewalk treatment, as shown in Fig. 42, may be 
used, particularly where main flow of traflic is to be favored. This solves most, 
if not all, pedestrian and vehicular difficulties. 
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Quite often an original design, or a redesign of an existing situation, will 
permit the installation of a complete circle with deflection islands, as in Fig. 43. 
In such cases a very satisfactory solution is the result because resulting order 
prevents accidents and insures flow efficiency. 
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Large Traffic Area—Channelization of traffic areas is well illustrated by the 

problem shown in Figs. 44 and 45, which is an outstanding example of results 

_ to be accomplished by simplifying traffic flow and applying other principles 
referred to in this paper. 

Prior to March, 1921, in the Lincoln Monument area of Fairmount Park, 

Philadelphia, Pa., three officers and a sergeant were used to handle traffic during 

rush hours. Each driver suited his own convenience as to routing. When the 
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flow of cars was heavy, congestion and lock ups occurred; at other times speed 
became a factor. There were nine major points of intersection at which ve- 
hicles approached each other from head-on, sum-of-the-speeds angles. Since 
there were no definite channels for traffic, a driver could not be sure what 
others would do. Resulting disorder caused accidents, tangles, and confusion; 
and, during rush hours, it was the cause of serious congestion with long lines 
of blocked cars, particularly in the direction of the heavy flow. 

The channelizing treatment, shown in Fig. 45, simplified traffic flow. It 
confined vehicles to definite channels, obstructed wrong movements; proper 
paths were made convenient, many intersection points were reduced to three 
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in which vehicles intersected at right angles, pedestrians were provided with 
safety zones, unexpected high-speed approaches from behind were eliminated, 
and drivers and pedestrians had the confidence of knowing what to expect and © 
where to look. Note that the island on the left shades traffic turning left 
around the monument into East River Drive. This offset is needed at this 
point and proves remarkably effective. 

This simple treatment eliminated the four traffic officers and, since 1921, has 
handled, with no difficulty, many times the volume of traffic which moves con- 
tinuously from and to all directions. Since early in 1937 a park guard was 
stationed, during the morning rush, at the right-angled corner of the left-hand 
island, and during the evening rush at the right-angled corner of the upper 
island. His function is not to stop traffic but to prevent momentary blockades 
at these points. 

In the summer of 1938 another outlet to this intersection, which is used only 
slightly, was added as indicated by the dotted line. 

Dwided Highways——The divided highway is a channelizing device by which 
traffic flowing in opposite directions is separated by a physical barrier such as 
a center island or curb. The principle of separation of opposite flows of traffic 
is capable of enlargement to accomplish other functions including that of rotary 
movement of intersecting traffic. Since this type of treatment has been covered 
most ably by the late Fritz Malcher,! the writer’s observations are limited to 
certain directly interesting and important aspects. 

Several applications of the divided highway are encountered in practice. 
One method, illustrated in Fig. 46, provides openings in the center island for 
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crossing into or out of every driveway and street. In this case, much of the 
advantage of the divided highway is lost because through drivers face the 
constant double threat that a car in one high-speed lane may slow down and 
pass through one of the many dividing spaces into or across the other high-speed 
lane in entering or leaving a local entrance. On a divided highway with many 
center openings, a moment’s inattention may be serious because the entering 


4*The Steady-Flow Traffic System,” by Fritz Malcher, Harvard City Planning Studies, Vol. IX, 1935. 
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and leaving movements referred to, into and out of the high-speed lanes, are 

often wholly unexpected, confusing, and dangerous, particularly after dark. 
Another method (shown in Fig. 47) considers that the convenience and 

safety of the heavy flow of traffic on the main highway are more important than 
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the convenience of a few vehicles from the side, if they are not too greatly 
imposed upon, and provides openings through the center or barrier section only 
at intersections. This reduces the points at which main flow traffic need con- 
cern itself about crossing vehicles and concentrates cross flow so that “stop” 
and “go’’ signals, or other control measures, may be provided and justified. 

A third method (see Fig. 48) provides openings through the center barrier 
at intervals often 1,000 to 1,500 ft or more apart. Such openings should be 
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midway between, or at least some distance from, intersecting streets or roads. 
This establishes a form of rotary traffic which, if handled properly, results in 
merging movements of cross and through traffic. The greater safety, prompt- 
ness, and certainty of safe departure from, entrance into, and crossing major 
highways, with this treatment, may be expected to find support from both 
local and through motorists, particularly on some main four-lane highways that 
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‘carry such heavy loads that sometimes it is almost impossible to cross them 
without the aid of an officer or a “stop” and “go” signal. 
One important factor in this treatment consists in a dividing island that is 
at least wide enough, or has barrier openings that are long enough, or has a 
combination of length and width, so that vehicles can cut into the center open- 
ings, out of a high-speed inside lane, quickly, with least disturbance. Vehicles 
can then wait, without projecting into a lane of traffic on either side, until an 
opportunity presents itself to merge into the high-speed lane on the other side. 
This treatment may be extended a step further. In many cases, the 
problem of intersecting and departing vehicles on major, multiple-lane, high- 
ways could be met by providing sufficient right of way so that a very safe 
rotary movement of crossing and turning vehicles would be established. To 
be satisfactory, accelerating and decelerating lanes should be provided for 
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vehicles merging with, or leaving, the 7 
‘main flow. Such an arrangement is oe 3 iy: 
indicated in Fig. 49. This method vaesSees cra 
permits continuous safe movement of 
intersecting and main-flow vehicles 
with least interference or danger. The 
acceleration and deceleration strips 
should be long enough (350 ft or 
more, depending on normal traffic eet 
speeds); they should be of a color that "70 Feet 
is in contrast to the main roadway, pete 
and should preferably be unattractive to the high-speed, main movement and 
yet be inviting to traffic merging into, or departing from, the main highway. 
Where, on main highways, openings through the center islands can be 
spaced sufficiently far apart, the center island may be tapered down to slight 
width, in center sections, as shown, thus reducing land use and overpass or 
bridge widths. The designers of the Merritt Parkway in Connecticut used 
this method-of providing ample turning radius through island openings, of saving 
valuable land space between, and of reducing overpass and underpass widths. 
Grade Separation.—At the intersection of major roadways, sometimes 
channelization may be used to postpone the need of providing costly grade 
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separations (see Fig. 50). Since such need is usually anticipated well in advance 
and long before the intersection becomes a major problem, sufficient land may 
be acquired at such locations to permit the installation of an adequate traffic 
circle. Whenaseparation finally does 
become necessary, the need for it will 
have been postponed, the land, origi- 
nally secured at a lower cost, will have 
been utilized for rotary traffic in the 
interval, and a sufficient land area 
will have been provided for the sepa- 
ration and approaches. 

The sketch, which is used in this 
instance as a symbol (Fig. 50), shows 
a quadrant section of a typical grade- 
separation of the clover-leaf type. 
Many variations of this treatment are 
used. All depend for their success on 
channelization principles. Channel- 
ization, therefore, is not only neces- 
sary to the success of these advanced 
practices in highway design but is an 
element in postponing or eliminating the need for such expensive treatments 
and in reducing their final cost. 


PEDESTRIANS 


The problem of the pedestrian has not been placed last because it is con- 
sidered unimportant, but for the reason that, if complicated vehicle movements 
are made orderly, the question of what to do with, or about, the pedestrian is 
solved—or at least simplified. The pedestrian was not born confused. Rather 
he is a creature of his environment, the victim of the high velocities and un- 
expected attacks to which modern traffic exposes him. These are the cause of 
his uncertain movements and hesitations. 

Channelization removes the element of surprise from the pedestrian prob- 
lem. Proper channelizing insures the pedestrian that he need look only in one 
direction at a time and that he will not be ‘‘ambushed”’ by vehicles that attack 
suddenly from behind his range of vision. Also he is provided with an island 
or refuge of ample width at intervals of one or two traffic lanes upon which he 
can orient himself, safely, before he crosses the next channel in which, also, 
vehicles will move in one direction only. 

When the confusions, fears, surprises, ‘‘ambushes,” and alarms introduced 
by vehicles moving swiftly from expected and unexpected directions are 
eliminated, the pedestrian is master of his own destiny to a surprising extent. 

After establishing orderly traffic movements and pedestrian refuges by 
channelizing, if foot passengers are still in need of a special officer, signal, or 
other aid at any point, such aid will usually be necessary only to a limited degree 
and during certain hours rather than for long, or all-day, periods. 
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CONCLUSIONS 


Beginning with the principles applied in handling bicycle traffic, horse- 
drawn vehicles, and early automobiles, there has been a slow but continuous © 
evolution of channelization until today these principles are being applied in 
more advanced forms on major roadways, in the reorganization of many existing 
intersections and traffic areas, and in the solution of traffic difficulties at 
intersections where such treatments eliminate the need for redesign and 
reconstruction. 

Undoubtedly, designers of major highways in the future will make use of 
the continuous flow principle in which a center barrier strip divides the high- 
way, and openings occur at intervals, but not opposite or closely adjacent to 
intersections. Thus a truly rotary, merging movement of crossing traffic is 
provided. 

At important highway intersections it seems probable too that, if grade 
separation is not advisable immediately, sufficient ground will be acquired 
(as is extensively done in New Jersey where a large number are in use) to es- 
tablish a traffic circle large enough to provide a continuous, smoothly merging 
flow of vehicles. Later, if traffic attains volume and speed enough to require 
a grade separation, that day will be deferred by the efficiency of the rotary move- 
ment. The circle will provide the land, initially secured at lower cost, in the 
meantime serving a valuable purpose, upon which to place a grade separation. 

By permitting continuous, orderly flow at reasonable speeds, channelization 
helps drivers to their destinations more quickly and safely than the dash-slow- 
down-dash-stop-and-dash procedure otherwise necessary. 

A more general application of these principles will assure fluid movement 
of motor vehicles and will reduce, greatly, the confusions, and eddy currents 
that are the cause of accidents. 

Plans for, and the administration of, motor transport of the future must 
include greater attention to driver characteristics and to his problems and 
needs—that is, to the problems of traffic from the pavement surface up. To 
accomplish these purposes, a greatly expanded knowledge and application of 
channelization will be necessary. 
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WATER SUPPLY ON UPPER SALT RIVER, 
ARIZONA 


By JOHN GIRAND,? Assoc. M. Am. Soc. C. E. 


SyYNopsis 

Presented in this paper are the data and methods used to determine eco- 
nomical storage requirements and power outputs of a proposed hydroelectric 
plant on the Upper Salt River, Arizona. The gaging station at the project site 
had only been in operation for a few years, necessitating a correlation of data 
which covered a longer period of time, including other stream-gage records, 
rainfall records, and tree-ring measures. 

After the hydrograph of the river flows had been constructed, the storage 
Tequirements and power output of the plant were estimated by a new method 
involving the construction of a probable future hydrograph, based on laws of 
probable occurrence and well-defined trends of long-period variations in river 
flows. Due to the greater value of water in the semi-arid regions, particularly 
in periods of low flow, special treatment has been given to drought periods 
involving methods of probable sequence of drought years. 

A copy of the paper, with two appendices containing detailed observations of 
runoff and rainfall, has been placed on file for reference at Engineering Societies 
Library in New York, N. Y.? 


INTRODUCTION 


The Salt River rises at an elevation of 10,000 ft above sea level in the White 
Mountains near the eastern boundary of the State of Arizona. It flows gen- 
erally westward through heavily timbered plateau country with an average 
elevation of 6,000 ft until it reaches the Mogollon Rim, where it drops rapidly 
in a few miles to an elevation of 3,000 ft. Then it flows on a flatter grade 
through rolling and sparsely vegetated country into the Roosevelt reservoir 
near the central part of the state. The water impounded in the Roosevelt 
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reservoir is used for irrigation in the Salt River Valley (population, 100,000) 
- and for the generation of power used in Phoenix and vicinity. 

The relative isolation of the Salt River Valley results in high costs for fuels 
required for prime movers, and has lead to an intensive development of the 
hydroelectric resources of the state. Five hydroelectric plants are now (1939) 
operating on the Lower Salt River below the Roosevelt Dam with an installed 
generating capacity of 79,000 kw. 

In spite of the intensive development of water resources, rapid increase in 
agricultural and industrial consumption of power has caused a shortage in the 
Salt River Valley. Heretofore, investigation of power possibilities on the Salt 
River above the Roosevelt Dam was not considered seriously, as good sites were 
available below Roosevelt Dam which would have the beneficial effect of regu- 
lation by storage above the power dams. At present, with the river completely 
regulated below the dam, as a matter of necessity the Upper Salt River was 
investigated. 

In the canyon section, the Upper Salt River has a steep gradient and in 
places is extremely tortuous. In one place, Mule Hoof Bend, the river makes 
a 3-mile loop and returns within 400 ft of itself, with a 75-ft difference in eleva- 
tion in water surfaces. At another place, Walnut Canyon, a conduit one mile 
long will cut off 3 miles of river and give a potential head of 300 ft. In this 
canyon section there are many excellent dam sites and power house locations; a 
main highway, constructed in 1937, gives easy access, and the project was seen 
at once to be capable of producing power very economically. 

Due to the fact that there are a number of units which might be built 
economically, each operating under a different head, the water supply study was 
made on the basis of a unit head of 100 ft from which the output of any desired 
plant could be determined by multiplication by the proper head factor. 


Tur HybDROGRAPH 


A gaging station has been maintained at the project site only since 1924. 
Below the project there are other gages which have been in operation inter- 
mittently since 1888. The locations of the various gaging stations are shown 
in Fig. 1. ; 

Estimated values were determined from the direct relation between Chryso- 
tile gage and other individual gages on the river, by plotting the simultaneous 
monthly values of the Chrysotile gage and the other gage under consideration. 
Logarithmic scales were used to keep the percentage of accuracy constant for all 
values of flows, as well as to allow determination of an equation of correlation 
in exponential form. From these graphs, the record of runoff at the Chrysotile 
gage was estimated for those years previous to 1924, which were covered by the 
Roosevelt and McDowell gages. 

During 1889 and 1890 the only records obtained on the river were taken from 
observations at Arizona Dam, below the junction of the Salt and Verde rivers. 
The Verde River drains country with different topographic and climatic condi- 
tions; and the problem, first, of separating the flows at Arizona Dam into the 
Salt and Verde river components and, second, of reducing the Salt River com- 
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ponent to a Chrysotile equivalent, introduced so many unknowns that with the 

short period of record available a satisfactory relation was not found. 
Although it may be possible to determine a relation without too great an 

error, the accuracy of the data is questionable. The original observers’ records 
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show the discharges in cubic feet per second filled out daily with great care and 
decimal point exactitude at a time when Apache Indians were active in this 
area, leading to the conclusion that the flows were inserted by a not too con- 
scientious observer. Furthermore, it is stated that the measurements were 
made in the canal headgates and that flood flows were only estimated and not 
measured. The data at hand allowed the construction of a hydrograph of 
estimated flows at the project site from January, 1891, to September, 1936 
(see Fig. 2). 


Data DERIVED FROM THE HYDROGRAPH 

In the foregoing, the data available were stated to be correlated to obtain a 
hydrograph of the estimated flow of the river at the project site during the 
forty-five years since 1891. With the hydrograph in Fig. 2 there were two 
general methods of analysis whereby an estimate of the future power output of 
the project might be obtained, either of which methods would not include an 
important factor in storage reservoir operation. 

The mass graph, a summation of flows as they occurred in the past, treats 
the data in strictly chronological order. Probability curves and the probability 
derivative, the duration curve, treat the same data without respect to chronol- 
ogy. With either method, the important fact which is lacking is the sequence 
of flows to be expected. 

Although it is well known that the mass graph treats the data in a sequence 
of flows as they occurred in the past, there is no evidence to indicate that the 
same sequence will be repeated in the future; even a superficial examination of 
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period has ever been repeated. Thus, an analysis based on a mass graph of past 


runoff, although admittedly giving a solution that would be most economical 
for a sequence of flows as they occurred in the past, would not necessarily give a 


the hydrograph will show that no sequence of flows covering a 2-year or a 3-year 
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Fic, 2.—HyproGrarH at CHRYSOTILE 
In fact, as no evidence exists to show that 2-year or 3-year 
sequences have been repeated, it may be stated that a solution based on a mass 


and treats the data without regard to chronology, 
economical storage requirements thereby is made impossible of solution, due to 


Although the duration-curve method avoids this dependence on past 
the fact that storage requirements are a function of sequence. 


graph of past runoff could not give a result which could be stated to be most 


economical for the years to come. 
tion, a period of 10 years with wet and dry years alternating would require only 


solution that would be most economical for the sequence of flows that will occur 
a small reservoir for regulation, whereas the same flows, arranged in a sequence 


in the future. 


sequence, 
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‘so that all wet years come first, followed by all dry years, would require a much 
larger reservoir for regulation; yet, in both cases, these data would give the same 
result when analyzed by duration-curve methods. 

In this analysis, a hydrograph was constructed for the next 20 years based 
on certain requirements of probability and sequence derived from past records. 
This probable future hydrograph was then analyzed by mass diagram methods 
to determine economical storage requirements. 

As has been stated elsewhere,* it is often convenient to plot the duration 
curve with the ordinate expressed as a percentage of the mean flow rather than 
absolute values. In most cases, the scale is selected so that the percentages of 
mean flow are equal divisions on the vertical scale. In this case, to avoid the 
computations necessary in reducing each flow to a percentage of the mean flow, 
the plot is made with absolute quantities, and the percentage of mean flows 
determined for those particular points desired in the study. The mean flow 
having been computed to be 536,000 acre-ft per year, Fig. 3 then shows that for 
97.5% of the time the flow equaled 130,000 acre-ft per year, or 0.24 of the 
mean flow. 
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With the flow established as a percentage of the mean flow, it becomes possi- 
ble to compute the probable monthly flows, in terms of the mean monthly flows, 
for the various percentages of time. 

The values of the probable monthly and yearly total runoff for various 
percentages of time areshownin Table 1. For the 20-year period the runoffs, in 
acre-feet, were: 

Motalsprobable ike seecinaankrl-sr Aeterieaoe. Ba. 10,338,000 
AorageKObserved sancis Aactiehe beaks o em Slants 10,800,000 


8 Transactions, Am. Soc. C. E., Vol. 99 (1934), p. 1220. 
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The close agreement is not surprising, as the duration curve was integrated fron 
the frequency curve, and differentiation of the duration curve must of necessit; 
give the frequency curve. 


TABLE 1.—ProspasLte RuNorr (AT CHRYSOTILE), IN 
THOUSANDS or ACRE-FEET 


Typp or YHAR 
Month OH a 
[ Very Nor- | Below Very Extrem 
Flood wet Wet mal | normal Dry dry Drought drough 
Percentage of time*| .... 5 15 25 40 60 75 85 92.5 97.5 
Flow in terms of 
mean flow...... 1.00) 2.09] 1.60 1.30 0.97 0.71 0.52 0.42 0.32 0.24 
Occurrences in 
twenty years....] .... 2 2 2 4 4 2 2 1 5 Y 
January.... 46.7 97.6 74.7 60.7 45.3 33.3 24.3 19.6 15.0 11.2 
February .| 74.8 156.5 | 119.6 97.2 72.6 53.1 38.9 31.4 24.0 17.9 
March 105.0 | 219.5 | 168.0 | 136.5 | 101.8 74.6 54.6 44.1 33.6 25.2 
April..... 95.2 199.2 | 152.0 | 124.0 92.4 67.6 49.5 40.0 30.5 22.9 
INEGI sclera. 30% 48.1 100.5 76.9 62.5 46.6 34.2 25.0 20.2 15.4 11.5 
STIG |. Sint eisiclelors: clave 18.7 39.1 29.9 24.3 18.1 13.3 O27 7.9 6.0 4.5 
Tl yateehs iin we, Seas 21.1 44,1 33.7 27.4 20.5 14.5 11.0 8.9 6.8 5.1 
JATIBTISE 3) 5.6 la ccierare crane 31.2 65.2 49.9 40.5 30.6 22.2 16.2 13.1 10.0 ike 
September........ 24.5 61.2 | 39.2 31.8 23.8 17.4 12:7, 10.3 7.9 5.9 
October’...:t. ese 17.8 37.2 28.4 23.1 17.3 12.6 9.3 TA 5.7 4.3 
November........ 24.2 50.6 38.7 31.4 23.5 17.2 12.6 10.2 cee 5.8 
December........ 32.9 68.8 | 52.8 42.8 31.9 22.9 a1 13.8 10.5 7.9 
SL OtAL  iere veciene 536.0 | 1,129.5 | 863.8 | 702.2 | 524.4 | 382.9 | 280.9 | 226.9 173.1 129.9 


* Percentage of time in which a given flood type was exceeded. 


Typrs oF YEARS 


It is generally noted that all of the twelve months in a year follow the yea 
type with respect to volume of water. In a wet year, of greater than averag 
runoff, each of the individual months will be above average runoff for th 
month; and for the. dry years, each individual month will be relatively dry 
Thus, it follows, in general, that a wet year is composed of wet months, or, th 
infrequently occurring floods of a January most probably will be followed by 
the equally infrequently occurring floods of February. 

For this study an arbitrary classification of year types was made: Th 
infrequent ‘‘flood” year was exceeded only 5% of the time; the “very wet’ 
year was exceeded 15% of the time; the “‘wet’’ year was exceeded 25% of th 
time; the “‘normal” year was exceeded 40% of the time; and so on, as shown by 
the headings of Table 1. 

Again referring to Table 1, if the percentage of time is taken as a correspond 
ing ratio to a given number of years (20 years, for example) the number o 
occurrences for each year type during the 20-year period can be obtained. I 
. the runoff for each of the 20 years thus obtained were noted on a separate slip o 
paper, with the monthly values and total for the year, and the slips were draw1 
at random and noted in sequence, a hydrograph would be constructed whicl 
could be reduced to identical probability and duration curves of the observec 
runoff. 
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The number of different sequences which might be obtained by such a 
method is enormous,‘ but in every case the hydrograph so constructed would 
reduce to probability and duration curves identical to those obtained from 
observed data. Two or three trials will indicate the great range of sequence 
which may be obtained, and will show clearly that a mass diagram obtained 
from two different sequences may give widely different results, in spite of the 
fact that the hydrograph so constructed will meet conditions imposed, of 
similarity in probability to the observed runoff. 

Although at present it does not seem possible to determine which of the 
many sequences will be the one that will be observed in the future, there are 
other data which will limit the number and establish certain conditions, thereby 
reducing the number of sequences possible and defining a limit of error. One 
limiting condition is imposed by the probability of prolonged drought. Al- 
though the driest year of record is 1900, with a runoff of 119,700 acre-ft, the 
driest 2-consecutive-year period is not twice the driest year, but a value slightly 
greater. A duration curve of 2-consecutive-year periods is shown in Fig. 4, 
from which it may be seen that an additional limiting factor is added to the 
probable future hydrograph: The minimum flow for any 2-consecutive-year 
period must equal or exceed 400,000 acre-ft. é 

Applied to the data deduced for the probable future hydrograph, this re- 
quires that the ‘‘drought” and ‘‘extreme drought” types of years be separated 
in the sequence, because the sum of these 2 years, if occurring in consecutive 
sequence, would be less than 400,000 acre-ft. 

Although this condition of separation for two particular years will not 
reduce the large number of possible sequences very much, it does reduce the 
possible error by a large amount, because the critical periods of any project 
depending on river flow are the drought years. Similarly, the 3-year sequences 
are found to equal or exceed 700,000 acre-ft, imposing another limitation on the 
sequences of the probable future hydrograph. 

In addition to the foregoing items, which may be used to limit the number of 
possible sequences in the probable future hydrograph, there is apparently a 
large field open for investigation in the realm of direct prediction of future flows. 


FuturRE WEATHER 


In 1932, the writer analyzed® some of the long-term trends in future weather, 
based on extrapolation of cycles observed in long-term records obtained from 
other sources. Since that time, and, perhaps, primarily due to the necessity of 
accurate knowledge of weather conditions as applied to aeronautics, consider- 
able research has been done on weather trends and predictions. As is well 
known, commercial airlines are now able to predict weather a few days in 
advance with a high degree of accuracy. 

Since 1932 George F. McEwen, of the Scripps Institution of Oceanography, 
has furnished interested parties with predictions for 1 year in the future, with a 
remarkable agreement between predicted and observed weather. 


4 Transactions, Am. Soc. C. E., Vol. 91 (1927), p. 626. 
5‘*Weather Records Projected into the Future,” by John Girand, Civil Engineering, February, 1932, 
p. 76. 
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Although most projects are bonded for 20-year or 30-year periods, the first 
5 or 10 are the most important, as success or failure is usually determined within 
that time. If, then, the trend of the weather for the next 10 years could be 
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obtained with a reasonable degree of accuracy, and if the analysis would alse 
show the worst condition which might occur in any length of time, the economic 
feasibility of the project could be determined. Accordingly, the probable future 
hydrograph should be constructed with particular emphasis on the next 1 
years, and on the worst possible years. 


Long-RANGE FORECASTING 


It was necessary for the writer to obtain data from other sources covering 
long periods of time to detect long-term variations in weather. The 12-yea 
record of the Chrysotile gage, although extended to 40 years by correlation with 
other gages, was still too short to do more than indicate possible trends. 

Fortunately, other long-term records were available. The observed rainfall 
’ observations at Ft. Apache, a town centrally located on the watershed, covered 
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a period of 60 years. An analysis of this and other rainfall records discloses a 

“cycle”? which alternates in approximately 11 years. The discovery of the 

11-year cycle in weather records opened the field of solar activity with respect to 

weather, as it had been known for many years that sunspot activity and related 
solar phenomena recurred in 11-year periods. 
For example, H. T. Stetson has written :° 


“From a careful study of precipitation records selected over the globe 
[Clayton ] has mapped the world into regions which show greater rainfall 
when sunspots are most numerous and regions where rainfall is actually 
deficient at sunspot maxima. While the north Atlantic shows 10 to 20 
percent more precipitation in years of greater sunspots, the eastern half 
of the United States is in the region where the rainfall is actually less during 
maximum activity on the sun.” 


Another long-term record was available. Samples of tree rings taken at 
Cibecue, a town about 35 miles from the Ft. Apache rainfall gaging station, had 
been measured and recorded.? The tree-ring weather record is based on the 
fact that the annual ring of trees will show greater growth in wet years than in 
dry years, and by measuring the width and correlating with observed rainfall or 
runoff, a factor can be obtained which will allow the record to be extended back ' 
to the early years of the tree. The lower degree of accuracy of such measures is 
compensated for by the very long period of time covered by the record, 400- 
year to 500-year records being common, and, in rare cases (California Sequoias), 
records of 2,000 to 3,000 years may be obtained. 

The trees sampled at Cibecue, being relatively young, only yielded a 269- 
year record; but a general record of Arizona has been developed for the past 
1,200 years, the latter years of which agreed with the Cibecue record with 
sufficient accuracy to allow substitution. 

The first interesting fact disclosed by this 1,200-year record is the recurrence 
of a 5-year drought sequence at 300-year intervals. The writer called attention 
to this phenomenon in 1932:5 


“An examination of the 1,200-year record previously referred to dis- 
closes periods of intense drought in the years near 700, 1000, 1300, 1600, 
and 1900 * * *. 

‘Residents of the district under observation in Arizona well remember 
the drought of 1900-1905. For example, Mormon Lake, the largest 
natural body of water in the state, was completely evaporated, for the 
only time in its existence, so far as is known.” 


The 1,200-year record does not show any 5-year droughts such as this one 
occurring except at intervals of 300 years, indicating a 300-year cycle of this 
particular drought. Accordingly, the 1900-1905 sequence was neglected in all 
computations in which the sequence of dry years was involved in the probable 
future hydrograph for the next 20 years. 

The second interesting fact disclosed by the 1,200-year record is the change 
in general climate during the Middle Ages. Archeologists had long wondered 


6‘‘Sunspots and Their Effects,” by H. T. Stetson, McGraw-Hill Book Co., Inc., New York, N. Y. 
7Climatie Cycles and Tree Growth,” by A. E. Douglass, Carnegie Institution, Washington, D. C. 
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why the Indian pueblos of the Painted Desert in Arizona had been abandoned, 
but it was not until the 1,200-year weather record was developed that a satis- 
factory answer could be given. The record shows, clearly, a general decline in 
precipitation over a long period of years, which forced the Indians to abandon an 
area which became unsuitable for agricultural pursuits. 

Such a general decline for the present time is not observed in the last century 
of the record, indicating that the project will not be subject to any conditions 
other than those recognized as.normal for the past century. Should such a 
condition start in 1940, the past record would seem to indicate that it would be 
many years before the project would have to be abandoned. 

The 11-year cycle in tree-ring growth and its paralleling with the 11-year 
sunspot activity cycle is well known. In the 1,200-year record the parallel 
follows closely, even to the period 1645-1715, when there were no sunspots. 
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The definite cyclic trend of the sunspot cycle, as shown in Fig. 5, has been 
applied to tree rings, and correlated with the runoff on the Upper Salt River with 
such reasonable agreement as to allow a similar extrapolation to be made for the 
next 20 years. Although it is admitted that predictions of future sunspot 
maxima and minima are not always accurate, they do give a general trend of 
weather, which, when used in conjunction with the probable runoff as obtained 
from duration curves, will allow the construction of a probable future hydro- 
graph which should represent conditions more closely than a sequence of flows 
drawn at random. 


THE PROBABLE FuTURE HyDROGRAPH 


From the data developed in the foregoing paragraphs, it is shown that the 
hydrograph of the future should meet the following conditions: 


(a) Probability and duration curves derived from the future hydrograph 
must show agreement with the probability and duration curves derived from 
observed runoff; 
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(6) The arithmetic average of the 20-year period must agree with averages 
of observed records; 

(c) The minimum 2-year and 3-year drought sequence must exceed 400,000 
and 700,000 acre-ft respectively; and 

(d) The general trend (a curve drawn through 5-year means) must follow 
the curve of sunspot activity. With these conditions in mind, the probable 
runoff, in acre-feet, at Chrysotile, was estimated as follows (the first three 
values being actual observations): 


Probable runoff, Probable runoff, 
in acre-feet Year in acre-feet 
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Fic. 6.—Prosasite Fururr Mass Dracram; Upper Savr River, Arizona. (Curves APPLY TO THE 
Gacine Station aT CHRYSOTILH, ARIZ.) 

The probable future hydrograph, drawn from the foregoing estimates, is shown 

in Fig. 2. 
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It is admitted that other sequences of the years could be made which would 
meet the foregoing conditions; however, it is believed that such other sequences 
would not show great differences in actual operation of the project, bearing in 
mind that the large floods are lost over the spillways, and the periods of drought 
are the most important in the operation of the project. 

From the probable future hydrograph, the economical storage requirements 
and power output were estimated by the mass diagram method. Fig 6 shows 
the conditions which obtained for a reservoir of 100,000 acre-ft. 


CONCLUSIONS 


The basic idea adopted for this analysis—that future flows are not entirely 
fortuitous—should not be a concept that is foreign to engineers when practically 
every other phenomenon met by the profession is a result of a definite cause. 
River runoff is a result of rainfall, which, in turn, is a result of evaporation by 
solar radiation. Although, admittedly, the knowledge of the laws governing 
rainfall and runoff is now limited, and the fact that rainfall and runoff data have 
been forced into skew probability curves indicate fortuity, fundamentally, there 
should be a reason for the sequence of flows which are observed. 

Thus far, a combination of flows obtained by probability methods, arranged 
in such sequence as to satisfy what little is known of cyclic phenomena, may be 
expected to give a closer approximation to the truth than an analysis based on 
probability methods alone. 
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ANALYSIS OF LEGAL CONCEPTS OF SUBFLOW 
AND PERCOLATING WATERS 


By C. F, TOLMAN? AND Amy C. STIPP? 


SYNOPSIS 

In this paper are presented some of the problems confronting the courts in 
attempting to determine types of ground-water occurrence according to the 
current legal classification of subsurface waters, which calls for differentiation 
between ground water flowing in definite subsurface water courses and so-called 
‘yercolating waters.” 

The complexity of a problem involving property rights to unseen, slowly 
percolating ground water is appreciated. The writers are not qualified to dis- 
cuss the legal questions involved. However, the attempt is made to analyze, 
from the viewpoint of the ground-water hydrologist, some of the erroneous 
hydrologic concepts involved in the present legal classification of underground 
water and in past rulings following this classification. Elementary principles of 
hydrology governing the occurrence and movements of free ground water are 
presented to explain the fallacies in the legal concepts of “subsurface stream 
flow” and “percolating waters.” For simplicity, principles of artesian flow, 
although of primary importance where confined water transmits pressure, are 
not discussed in this brief paper. 

The writers appreciate that much of the material contained herein has 
received comprehensive treatment in a paper by Harold Conkling,’ M. Am. Soc. 
C. EK. However, it is believed that the subject warrants further independent 
treatment. 

It should be noted that more than a quarter of a century has elapsed since 
publication of the legal textbooks cited in this paper. In recent years much 


Norr.—Written comments are invited for immediate publication; to ensure publication the last 
discussion should be submitted by April 15, 1940, 


1 Prof. of Economic Geology, Emeritus, Stanford Univ., Stanford University, Calif. 

2 Tucson, Ariz. 

3 ‘Administrative Control of Underground Water; Physical and Legal Aspects,’ by Harold Conkling, 
Transactions, Am. Soc. C. E., Vol. 102 (1937), p. 753. 

4“Treatise on the Law of Irrigation,” 2d Ed., by C. S. Kinney, Bender-Moss Co., San Francisco, 
1912; also ‘‘Water Rights in the Western States,” 3d Hd., by S. C. Wiel, Bancroft-Whitney Co., 1911, 
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progress has been made in the development of the science of ground-water 
hydrology under the able leadership of O. E. Meinzer and his staff of hydrol- 
ogists in the U. 8. Geological Survey.® 

It is believed that a classification of subsurface waters for legal purposes 
based on well-established hydrologic principles would do much to correct the 
present confused status of ground-water law and the unsound concepts regard- 
ing ground-water occurrence and motions which have been handed down, in 
part at least, from a period prior to the development of the science of ground- 
water hydrology. 


INTRODUCTION 


Agriculture, mining, manufacturing, and even human existence depend 
upon the efficient utilization of ground-water supplies where severe deficiency 
in surface water exists. Development of the vast ground-water resources of 
the semiarid regions of the United States is subject to the establishment of legal 
rights to water supply; hence, the application of ground-water law affects the 
material welfare of all who are dependent upon industries using large quantities 
- of water where surface-water supply is insufficient. 

For legal purposes subsurface water (without considering artesian water) is 
divided into two main classes, based ona difference (erroneously assumed) in 
method of transmission through the ground, namely: (1) ‘‘Percolating waters”; 
and (2) “subsurface water courses.”’ The term ‘percolating waters” has been 
defined in numerous ways and applied to embrace ground-water occurrence 
under varying hydrologic conditions. By some courts the term is restricted to 
“diffused waters” in privately owned lands; and by others it has been extended 
to include all subsurface water not proved to occur in ‘underground water 
courses” with definite subsurface ‘‘bed and banks.” Likewise, the term “sub- 
surface water course” has no fixed meaning and many conflicting interpretations 
have been offered by courts of law. It is not surprising that this lack of a sound 
fundamental legal classification of- subsurface waters has resulted in confused 
ideas regarding the occurrence and motions of water underground. 

In many jurisdictions rights to ground-water supply still depend upon the 
court’s differentiation of the two legal “‘classes’’ of subsurface water. Some 
jurisdictions grant riparian or appropriative rights only for ground water in 
“subsurface water courses,’”’ and the so-called “percolating waters” belong ex- 
clusively to the owner of the land. Other states have recognized that an 
attempt to make such distinction is impracticable from both the economic and 
hydrologic viewpoints. 

This question of differentiation, then, is of paramount importance in legal 
proceedings. For this reason, and because many curious and erroneous notions 
have arisen in the attempt to separate ground water in subterranean “water 


5 See especially U. S. Geological Survey Water-Supply Papers: No. 494, ‘‘Outline of Ground-Water 
Hydrology,” by O. E. Meinzer, 1923; No. 489, ‘‘The Occurrence of Ground Water in the United States,” 
with a discussion of principles, by O. E. Meinzer, 1923; and No. 638-C, ‘‘Methods of Estimating Ground- — 
Water Supplies,” by O. E. Meinzer. 
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courses” from “percolating waters,’ discussion in this paper is limited to two 
types of ground-water occurrence: (1) Ground water moving as a concentrated 
current bounded by relatively impervious subsurface ‘‘bed and banks’’; and (2) 
the general body of ground water adjacent to the subsurface stream. 

Other typical occurrences of ground water are mentioned briefly in order 
that the reader may appreciate that this discussion is strictly limited in scope. 
Part I, a brief review of principles underlying the occurrence of ground water in 
“subsurface water courses” and the interrelation of surface flow, subflow, and 
‘ercolating waters” under various hydrologic conditions, is presented in order 
that the analysis of legal rulings in Part II] may be understood by readers not 
familiar with these fundamental natural laws. The necessity of a knowledge 
of the elementary principles of ground-water hydrology (see Appendix, Item 1) 
as a basis for legal rulings regulating the use of subsurface water is emphasized, 
and it is hoped that the simplicity of the general principles outlined herein may 
encourage lawyers to review the present-day science of ground water. Those 
versed in ground-water hydrology may be interested chiefly in Part II and the 
comparison between man-made laws regulating subsurface-water supplies and 
the laws of nature governing occurrence and movements of water underground. 


PART I—OCCURRENCE AND MOVEMENTS OF 
WATER UNDERGROUND 


The term subsurface water includes all types of water occurring below ground 
surface. The water of the zone of saturation is ground water. Suspended 
water (see Appendix, Item 2) occurs in the undersaturated zone above the water 
table (ground-water level) and some of this water (gravity water) is in transit 
to the ground-water body. Although the efficient osmotic processes of plant 
roots can extract moisture from the soil, man can divert and utilize only ground 
water. 

The zone of suspended water (zone of aeration) always exists above a body 
of ground water filling alluvial material unless saturation extends to ground 
surface. Surface water seeps slowly to the water table at a rate depending 
largely upon the permeability of the formations through which it passes. 
Gravity water (influent seepage) descends vertically over films of water at- 
tached to granular materials in the zone of suspended water. 

Percolation.—Percolation is curvilinear flow around the grains and through 
the interconnected pores of saturated pervious materials. In granular mate- 
- rials (chiefly alluvial deposits) interstices are interconnected in all directions and 
free ground water (see Appendix, Item 3) moves in the direction of the slope of 
the water table. The rate of percolation of free ground water varies directly 
with water-table slope or hydraulic gradient and permeability of the water- 
conducting material. 

The scientific meaning of the term percolation should not be confused with 
the legal application of the term “percolating waters” as distinguished from 
flow in subsurface water courses. ‘‘Subsurface streams,” “‘percolating waters,” 
and “artesian waters,” as defined by lawyers, all move by percolation in inter- 
connected openings of capillary size. 
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Influent and Effluent Conditions—Ground water is supplied by influent 
seepage from rainfall, surface flow, impounded surface water, and from irriga- 
tion water and is discharged by effluent seepage, springs, and by plant roots if 
they reach the capillary fringe above the water table (see Appendix, Item 4). 

The reactions between surface and subsurface “stream flow” and “‘percolat- 
ing waters’? depend upon whether influent or effluent water-table conditions 
exist. To illustrate the phenomena accompanying influent and effluent seepage 
one may start with the equilibrium that exists where influent conditions merge 
into effluent conditions and vice versa. The surface stream neither receives 
water from, nor loses water to, the subsurface water body. In such a case the 
stream level and the water table are shown as a horizontal line in a cross section 
at right angles to surface flow (Fig. 1), and there is no movement of ground 
water toward or away from the stream. 
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If the ground-water level in the alluvial material is lowered by pumping or 
by natural causes, the surface stream loses water and becomes influent, the 
water table slopes away from the stream, and a ground-water mound is de- 
veloped in contact with surface flow. In Fig. 2 the stream and the water table 
are influent. The direction of the ground-water movement is shown by arrows. 
If the ground-water level is lowered below stream bed, the ground-water mound 
is not in contact with surface flow. The material between the mound and the 
stream bed is not completely saturated and a column of influent seepage trans- 
mits the leakage from stream bed to the ground-water mound. In Fig. 3 a 
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column of influent seepage is developed below surface flow. After the mound 
has lost contact with the surface stream, further lowering of the water table 
does not increase the rate of influent seepage. 

Apparently lawyers do not generally appreciate the fact that stream flow 
cecurs over nonsaturated gravels through which water seeps from the surface 
to the water table. The assertion is made that ‘“‘the water from the surface 
stream must necessarily fill the loose, porous material of its bed to the point of 
complete saturation before there can be any surface flow.’’ Often the stream 
bed is rendered relatively impervious by silt deposited with receding flood flows 
or by chemical cementation, and subflow occurs only at some distance below the 
surface stream, supplied by slow influent seepage. In general, materials below 
stream bed are not uniformly pervious and such conditions do not favor devel- 
opment of water-table mounds in contact with surface flow. It is not uncom- 
mon to find the water table at considerable depth below a surface stream, 
especially in the lower reaches of a desert stream just before the surface flow 
disappears into the stream gravels. 

If the stream level is lowered below the water table by diversion of surface 
flow or by natural causes, a ground-water or water-table trench is formed which 
contacts surface flow at stream level. Ground water is percolating toward the 
stream and supplying it with water, and the stream level is adjusted to the 
quantity of effluent seepage. (In Fig. 4 the arrows indicate the ground-water 
movement toward the stream.) Diversion of stream flow increases the water- 
table slope toward the stream and increases effluent seepage. The legal dictum 
that a surface stream is “supported” by subflow is applicable only under effluent 
conditions. 

Influent and Effluent Conditions as Shown by Ground-Water Contours.—The 
most satisfactory method of determining the direction of ground-water flow is 
by the construction of a water-table contour map. Direction of percolation is 
at right angles to the ground-water contours. Influent and effluent conditions 
are given graphic representation on such maps. Effluent conditions along a 
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stream course are shown by an upstream bend of the contours (as in Fig. 5), 
indicating the size and shape of the ground-water trench. 
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Influent conditions and the development of a ground-water mound or ridge 
are indicated in Fig. 6 by a downstream bend of water-table contours. 

Effects on Surface Flow of Pumping from Influent and Effluent Subflow— 
Under influent conditions draft on subflow by pumping does not increase stream 
seepage loss unless the slope of the water table in contact with the surface 
stream is increased. This occurs when the “cone of pumping depression”’ (see 
Appendix, Item 5) contacts surface flow. If the water table is lowered so that 
it loses contact with the surface stream, increased draft accompanied by further 
lowering of the water table does not increase the rate of influent stream seepage. 

Under effluent conditions, pumping draws into the well ground water per- 
colating toward the surface stream. The effect on stream flow depends on the 
ratio of effluent seepage thus diverted to the total effluent seepage feeding the 
stream. Diversion of surface flow will increase effluent seepage into the stream, 
at least temporarily, and will lower the water table adjacent to the stream by 
steepening the ground-water trench. 

The attention directed by the courts to the effects on surface flow produced 
by pumping from a subsurface stream makes it advisable to discuss these 
pumping effects further. Pumping from a “stream” of ground water or from 
any free ground-water body produces a cone-shaped depression of the water 
' table around the well. This cone of pumping depression expands until it 
intercepts a quantity of ground-water flow equal to the amount pumped. 
Thereafter the cone of depression remains approximately constant, but the 
effect of interception of ground-water flow (area of diversion) spreads out in the 
downstream direction of water-table slope. It has been stated in legal pro- 
ceedings that the ground-water level responds to pumping in the same way as 
the water level of a surface reservoir, which, of course, is not in agreement with 
hydraulic laws. 


Ss 


° 
‘a f <—“hrea of 
\ Cone of Depression Sesh 


Fic. 7.—Erriunnt Warrr TABLE AND Fia. 8.—Unprr Inrivunnr Conpitions THE Conse 
Conn or Pumpinec DEPRESSION or Pumping Depression INTERCEPTS GROUND 
SuRROUNDING WALL Water Movine AWAY FROM THE SURFACE STREAM 


AND AREA OF Diversion ExTENDs IN DIRECTION 

OF GROUND-WaTER FLow 
Fig. 7 represents effluent conditions under which the effects of diversion of 
ground water will reach the surface stream even if the cone of depression does 
not. If the cone of depression expands as a result of overpumping the natural 
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supply and contacts the surface stream, water is drawn directly from the stream 
in addition to the subflow intercepted. 

Under influent conditions (Fig. 8) if the cone of pumping depression does — 
not reach the surface stream, no pumping effect will be registered by surface 
flow as far downstream as influent conditions extend. 

If the cone of pumping depression extends under the surface stream, water 
is evacuated from the materials below stream bed within the cone of depression 
and an influent seepage column is developed below surface flow. Regardless of 
whether influent or effluent conditions existed prior to the development of such 
a cone of depression below stream bed, the pumping well is supplied by diversion 
of subflow plus water furnished by the induced influent seepage from the surface 
stream. 

It is fairly common that the flood-flow channel of streams in arid regions is a 
mile or more in width. If subflow occurs in a corresponding subsurface channel, 
it is evident that, under extreme conditions, if pumping should affect the entire 
width of the subsurface stream, much more water would be abstracted from 
the ground-water ‘“‘stream’’ than from the relatively small cross section of 
surface flow, even if all surface flow is diverted by such pumping. In general, 
as the width and depth of the subsurface stream are usually much greater than’ 
the surface stream, the quantity of subflow diverted by the pump is larger than 
the quantity of surface flow abstracted. 

The legal ‘‘test’’ for subflow, discussed in Part II, and the prevailing rule 
that ‘‘there cannot be any abstraction of the water of the underflow without 
abstracting a corresponding amount from the surface stream” are inconsistent 
with these principles. 

Downstream Effects of Diversion Above a Change from Influent to Effluent 
Conditions.—Thus far this paper has been limited to reactions between surface 
flow and subflow within areas of influent or effluent water-table conditions. 
However, abstraction of ground water under influent conditions which may not 
affect influent stream flow may affect surface flow in a downstream area below 
a change from influent to effluent conditions. Diversion of subflow by pumping 
may so diminish ground water that it does not fill the sand and gravel channel 
where effluence occurred prior to pumping. In the long desert rivers that carry 
surface flow throughout effluent sections of the stream course and are dry 
where influent conditions exist, diversion of either surface or subsurface flow may 
reduce subflow in downstream influent portions,and may diminish both subflow 
and surface flow in downstream effluent stretches of the stream. 

Geological Conditions Favoring ‘Subsurface Stream Flow.’’—Ground water 
in stream sands and gravels deposited in a canyon or valley cut in solid rock is 
the most definite example of a “subsurface stream.’ Such conditions com- 
monly exist along the mountainous headwaters of the stream. The “bed and 
banks” of the subsurface water course are carved in bedrock. Surface flow 
depends upon the subsurface stream where the latter is effluent, and subflow » 
depends on surface flow where the surface stream is losing water by influent 
seepage. 
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After leaving the mountain uplands, most streams of the arid and semiarid 
regions of western United States transect a body of valley fill. It is fairly 
common for the larger streams to cut channels a mile or more in width through 
the older alluvial fill. The outermost banks cut by the stream flow are the 
upper flood-plain terrace faces, and the subflow “banks” might be considered 
to be the subsurface continuation of these terrace faces. The stream-channel 
and flood-plain deposits, which the stream has laid down during late depo- 
sitional stages, are usually more pervious than the older valley fill and, if so, 
the hydrologic behavior of surface and subsurface flow shows similarities to 
that in rock-bound channels. 

Subflow Indicated by Contour Pattern—The ground-water contour pattern 
represents water-table conditions, and spacing of contours indicates the 
gradient of percolating water. Characteristic patterns are developed by a sub- 
surface stream where the bed and banks are impervious bedrock and the channel 
deposits are pervious. Similar but less definite patterns are shown by a sub- 
surface stream with bed and banks cut in material less pervious than the stream- 
channel deposits but not impervious. 

The stream-laid deposits in a rock-bound channel are charged with water 
during flood flow and a pronounced water-table ridge is developed. The water 
- thus stored above the low-water stages is discharged into the stream with sub- 
siding flood flow and develops a water-table trench. Also, a rock-bound sub- 
surface water course is usually effluent in a contracting part of the bedrock 
channel and develops a water-table trench; it is influent where the subsurface 
channel expands and a water-table mound is formed. Where bedrock is 
impervious the ground-water contours terminate at the bedrock banks. 

Summarizing, ground-water contour patterns show the following relations 
to impervious bedrock boundaries of a subsurface stream: 


(1) The contours terminate at the bedrock banks; 

(2) Within subsurface banks the contour pattern fluctuates from influent 
form during rising water stages to effluent shape during subsiding water stages; 
and 

(3) A decrease in cross-sectional area of subsurface channel develops an 
effluent contour pattern, and an increase in cross-sectional area produces the 
influent pattern. 

Comparing these contour patterns with patterns developed by a subsurface 
stream confined between banks of material less pervious than the stream-channel 
deposits but not impervious, one finds that the ground-water contours bend 
rather than terminate at the banks of the subsurface channel. When flood 
flow produces a pronounced mound in the subsurface stream, the water-table 
contours beyond the subsurface banks are also bent into a less pronounced 
influent shape, indicating slight influent movement from subflow into the older 
valley fill. Likewise, where a sharp ground-water trench is produced by 
drainage of saturated stream gravels during low-water stages of surface flow, 
the contours beyond the subsurface banks are drawn into the effluent form and 
slight effluent movement is developed from the older alluvium into the sub- 
surface stream channel (see Figs. 9 and 10). 
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The boundaries of such a subsurface stream course are indicated by: 


(1) A bend in ground-water contours at subsurface banks; 

(2) Change of contour pattern with change from high-water to low-water 
stage of surface flow; and 

(3) Changes in contour pattern with fluctuation in cross-sectional area of 
subsurface channel. 
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The interpretation of contour pattern as indicating the extent of subsurface 
flow has been emphasized because the water-table contour pattern is the sim- 
plest and most easily recognized criterion that can be thus applied. Un- 
fortunately, water-table maps are seldom constructed to the scale and in the 
detail required for such interpretation. If physical conditions render the 
construction of special detailed maps difficult and costly, other methods of 
investigation may be applied. Some of these are mentioned without further 
comment: 


1. Topographic: Recognition of subsurface stream course by topographic 
features, especially stream terraces. 

2. Geologic: (a) Differentiation of older alluvium and recent stream de- 
posits by means of samples taken at the surface and from wells; and (6) location 
of “bed and banks” cut in older alluvial deposits by subsurface projection of 
flood-plain terrace faces or by shafts and drifts to expose the subsurface banks. 

3. Hydrologic: (a) Permeability tests of samples mentioned under Item 
2(a); and (b) analysis of pumping tests on wells tapping subflow and wells 
drawing on “percolating waters” beyond subsurface banks. 


Ground Water Not Occurring in Subsurface Water Courses.—West and south 
of the Rocky Mountains the main streams heading in the mountains traverse a — 
series of structural valleys formed by the depression of bedrock between up- 
lifted mountain ranges, not by stream erosion. The principal source of water 
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supply is mountain runoff collected by the upper reaches of the master stream 
and moving as surface and subsurface flow in the sands and gravels of the stream 
channel. Such subflow may be the principal ground-water supply of the region, 
and the best agricultural lands are situated on the flood-plain and terrace 
deposits. However, the notion that ground water must be concentrated in a 
restricted subsurface channel to constitute a supply sufficient for industrial 
or agricultural use, entertained by many well drillers and apparently accepted 
by some lawyers, is in error. There are many occurrences of ground water of 
great economic importance that cannot be classified as subsurface water 
courses. In permeable granular deposits ground water percolates through in- 
terconnected pores between grains throughout the body of the pervious mate- 
rial. In dense impermeable rocks it moves through the fracture systems. In 
lava containing large openings produced by flowage and fracture and in cavern- 
ous limestone ground water flows freely through large tubular openings. Each 
of such typical occurrences is distinctive and the type of openings carrying 
ground water should be determined before an attempt is made to interpret the 
interrelation between ground water and surface water. 

In some areas ground-water supplies in lava and limestone are important; 
in others the only available ground water may occur in fractures. In some 
sections of the United States extensive confined (artesian) aquifers yield copious 
supplies. The alluvial deposits of the semiarid western United States contain 
large supplies of ground water that cannot be classed as subsurface stream flow, 
and where restricted subflow does occur it may be of minor importance. 

The bedrock of large intermontane valleys or basins (see Appendix, Item 6) 
of southwestern United States is generally covered with a thick deposit of 
alluvium derived from the surrounding mountain ranges. The valley fill 
consists of coalescing alluvial fans and cones, and either the central lake or 
playa deposits of undrained basins or the sand and gravel deposits of the master 
stream which drains the basin. The clayey playa deposits do not yield large 
ground-water supplies, but the pervious channel deposits of axial streams 
usually carry subflow and are important water bearers. 

Where the alluvial cones flanking these semiarid basins are large and the 
adjacent mountains furnish sufficient water, the principal subsurface supplies 
may be held in the alluvial cones. Where the stream draining the valley has 
not built up thick pervious channel deposits, there will be no large subflow 
associated with the surface stream in the center of the valley. The southern 
part of Owens Valley, California, is a good example of such conditions. 

The lower or distal parts of alluvial cones may consist of fine, relatively 
impervious material which separates the ground water in the cones from that 
of the longitudinal valley. Alluvial cones also commonly contain artesian 
water. An understanding of the hydrologic characteristics of alluvial cones and 
of the principles governing the flow of artesian water® is essential for the solution 
of problems involving the effects of pumping from alluvial cones. 

The foregoing condensed summary of a few elementary principles of ground- 
water hydrology offers a basis for understanding the geologic and hydrologic 


6 “Ground Water,” by C. F. Tolman, Chapters XI and XII, McGraw-Hill Book Co., Inc., 1938. 
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problems involved in the determination of the type of ground-water occurrence 
and in interpretation of reactions between surface and subsurface water bodies. 
Legal decisions made with inadequate comprehension of these physical laws . 
may not be applicable to the particular conditions existing in the area in con- 
troversy; nor can they result in efficient regulation of the ground-water re- 
sources. Some of the difficulties encountered by the courts because of lack of 
understanding of hydrologic principles are presented in Part II. 


PART II—ANALYSIS OF A FEW RULES OF LAW 


Many states, especially those of the semiarid West, have abandoned the 
long-accepted doctrines of water law applicable to regions of plentiful surface 
water supply and have attempted to establish rules better adapted to physical 
conditions in areas of low rainfall and intermittent stream flow. 

Because of keen competition for limited surface and subsurface water re- 
sources, numerous water-rights cases, involving many technical points of law, 
have come into the courts. It is not the purpose of this paper to discuss these 
technical legal questions but merely to analyze some of the legal concepts and 
rules regarding subsurface water and to compare them with the behavior of 
underground water as deduced from modern scientific study. 

In the legal literature the idea has often been expressed that occurrence and 
movements of subsurface water are incomprehensible and unpredictable. In 
a textbook on water law published in 1912,’ it is stated that it is difficult to 
prove the existence of a subsurface water course because ‘‘the physical laws 
governing underground water and its subterranean progress [are ] changeable 
and uncontrollable in character and subject to secret and incomprehensible 
influences.” 

It is true, indeed, that an accurate determination of the quantity of ground 
water available may be impossible because of insufficient data, but in many 
cases the critical data can be collected by detailed investigations. In no case 
are the physical laws “‘irregular or unknowable’’; nor is ground water subject to 
“secret and incomprehensible influences.” The physical laws governing the 
movements of ground water are well established, and relatively simple engineer- 
ing investigations will determine the direction of ground-water motion, and 
geological observation will determine the type of occurrence. 

The practice of most of the law courts in the past has been to differentiate 
sharply between the occurrence of ground water in subsurface water courses and 
as “percolating waters,” applying different rules to regulate the use of ground 
water in these two supposedly different types of occurrence. In most jurisdic- 
tions riparian or appropriative rights to ground water can be upheld only if its 
occurrence as a subsurface water course or “lake” can be established. Several 
states of the West, however, have extended rights of appropriation to occur- 
rences of “percolating waters,” and, in general, the trend seems to be toward 
application of equal rights to all bodies of subsurface water subject to de- 
velopment. 


7“Tyeatise on the Law of Irrigation,’ 2d Ed., by C. S. Kinney, Bender-Moss Co., San Francisco: 
1912, p. 2116. 


1698 GROUND-WATER LAWS Papers 


As explained in Part I, all ground-water bodies in granular materials, 
whether in defined subsurface channels, artesian systems, or in extensive sub- 
surface “reservoirs” (see Appendix, Item 7), are percolating, except for rare 
instances of more rapid turbulent flow where a steep hydraulic gradient is 
developed in coarse, sorted gravel. Since analysis of the legal concepts re- 
garding ‘‘percolating waters” involves the more elementary principles of ground- 
water hydrology, this legal class will be presented first. 


“PERCOLATING WATERS” 


The most curious concept expressed in legal literature is that of ‘diffuse 
percolations,” which have been described as “‘vagrant, wandering drops moved 
by gravity in any and every direction along the line of least resistance.’’ These 
waters are supposed not to “contribute, or are not tributary, to the flow of any 
definite stream or body of surface or subterranean waters.” 

As a matter of fact, there is no ‘diffused water” below the water table. 
Ground water completely fills all the openings in the material through which 
it percolates. No type of movement in natural deposits, either of ground water 
or of water seeping from ground surface to the water table, is comparable to 
that described for ‘diffuse percolations.”’ The general acceptance of this 
concept of diffusion of percolating water by jurists has given rise to erroneous 
hydrologic dicta regarding the relation of “percolating waters” to other types 
of ground-water occurrence. 

According to legal terminology, ‘“‘percolating waters’ have been variously 
defined and described as: 


“* * * those oozing or percolating through the soil in varying quanti- 
ties and uncertain directions; water flowing, seeping, or circulating in 
minute particles beneath the. surface of the ground, without banks or 
defined channels, and whose course is invisible and unknown * * *,”8 

“ * * those waters which slowly percolate or infiltrate their way 
through the sand, gravel, rock or soil, which do not then form a part of 
any body of water or the flow of any water course, surface or subterranean, 
but which may eventually find their way by force of gravity to some water 
course or other body of water, with whose waters they mingle, and thereby 
lose their identity as percolating waters.’’? 

It is evident that none of these descriptions is a correct representation of 
either the legal application of the term or the scientific meaning. Percolating 
waters as defined in the preceding quotations might be interpreted as gravity 
water seeping through the zone of aeration. It is stated that these waters 
“do not * * * form a part of any body of water * * *” and therefore, by 
strict application of legal definition, could not be considered a part of the ground- 
water body. However, water in the undersaturated zone above the water 
table is not available for pumping or diversion and therefore need not be 
considered in a classification for the purpose of establishing rights to water 
supply. Obviously, the term ‘‘percolating waters’ does not apply to gravity 
water in the undersaturated zone, although the term percolation has been used’ 


855 A.L.R. 1388, and cases cited. 


1912, | alee on the Law of Irrigation,” 2d Ed., by C. 8. Kinney, Bender-Moss Co., San Francisco, 
p. 2150 
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synonymously with infiltration. In the legal sense, any occurrence of sub- 
surface water not proved to qualify for more definite classification is considered 
as “‘percolating.”’ 

The old common-law rule governing the use of “‘percolating waters” is:!° 


«ce * * the water which is held by the soil is a portion of the soil 
itself, and belongs to the owner of the land * * * . This rule is not 
changed by the character of the material through which the water perco- 
lates * * * . So long as the water is in the condition of infiltration or 
percolation, it is a part of the soil * * * .” 


The impractical character of this rule has been recognized and the majority 
of states have adopted new rulings. In Wrathall vs. Johnson™ the question of 
appropriation and priority of use of subsurface water is discussed at length. 
The court states: 

‘e * * Once a departure from or modification of the common-law rule 
has been made, as has been done in most of the states, we see no place for 
us to stop short of the rule of prior appropriation. The later cases in arid 


regions are tending strongly towards the doctrine of appropriation and 
priority of use as the surest safeguard of rights to use of water * * * .” 


Subsurface Reservoir —‘‘Percolating waters tributary to a subsurface reser- 
voir” are usually distinguished from ‘‘vagrant, wandering diffuse percolations.” 
The legal concept of ‘‘tributary percolating waters” is described by Kinney:!? 


« * * those waters which percolate down through the gravel, porous 
rock, and soil from various directions until they reach some barrier of 
impervious rock, clay or other material, constructed either by Nature or 
by the hand of man, thereby forming catchment basins, and there these 
percolating waters, mingling with the rock, gravel, sand and soil, form 
what are called underground reservoirs, with the water at times rising 
nearly or quite to the surface of the earth * * * . These waters tributary 
to underground reservoirs percolate, it is true, but only in the sense that 
they form a vast mass of water confined in a basin filled with detritus, 
always moving slowly down to lower levels in the effort, in conformity with 
physical law, to attain a uniform level.” 


There is no natural differentiation between percolating water “tributary” to 
a subsurface reservoir and the ground water of the reservoir. The common 
legal view that “percolating waters” are in the process of “infiltration” is 
erroneous. The true character of the movement of subsurface water should be 
emphasized. Whereas gravity water seeps downward through granular mate- 
rials of the zone of aeration, percolation of the free ground-water body is 
always in the direction of water-table slope and the entire percolating water 
body below the water table constitutes the subsurface reservoir. 

The view that the ground-water reservoir may be considered a static water 
body has been generally accepted in the past in legal proceedings. In Hinton 
vs. Little? the court offered an objection to this concept, ruling that all ground 
water is percolating. 

10 Gould vs. Eaton, III Cal. 639, 44 Pac. 319 (1896). 

186 Utah 50, 40 Pac. (2) 755 (1935). 

'Treatise on the Law of Irrigation,” 2d Ed., by C. S. Kinney, Bender-Moss Co., San Francisco, 


1912, pp. 2169-2170. 
18 50 Idaho 371, 296 Pac. 582 (1931). 
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“* * * Tt appears to be now fairly well settled that all underground 
subterranean waters are percolating waters; that is, that there is more or 
less movement, both perpendicular and horizontal, through the earth and 
rocks. Therefore, whether underground waters move in a well-defined 
channel, either in a generally confined direction as to the points of the 
compass or spread out laterally, is merely a question of difference of 
degree * * * . 

“Tt would seem, therefore, that it is impossible to attempt to lay down 
one rule with regard to subterranean waters, existing more or less as a 
relatively stationary body of water under the ground, and subterranean 
waters in which there is a decided movement * * * .” 

To compare any ground-water body to a static lake, as was done in City of 
Los Angeles vs. Hunter,! is not justifiable. The effects of pumping from a 
surface reservoir or lake are very different from those produced by pumping 
from a free ground-water body, where the cone of pumping depression lowers 
the water level only throughout an area sufficient to divert the quantity 
pumped and ground water is continuously percolating through the water- 
bearing material to replenish the supply. 

The significance of the fact that ground water never occurs as a stationary 
water body should be stressed. Ordinarily, the subsurface reservoir is con- 
tinuously receiving additions by influent seepage from rainfall and surface 
~ water bodies and is always discharging water by natural processes. In the 
subsurface reservoir ground water is percolating toward the discharge area; 
no static ground-water bodies are known to exist. 

In actions at law subsurface water is presumed to be “percolating water” 
unless bed and banks of an underground ‘‘water course” are definitely es- 
tablished. The hydrologic problems involved in an attempt to distinguish 
between “subsurface stream flow” and ‘‘percolating waters” are discussed in 
the following sections. 


SUBSURFACE WATER COURSE 


According to legal definition a water course ‘‘consists of a bed, banks, sides, 
or walls, and a current of water. It is a living stream confined to a channel, 
usually flowing in a particular direction * * * 7715 


“A ‘stream of water’ has a defined channel. It has banks, and is very 
distinct from the percolations of subsurface water, which oozes in veins or 
filters through the earth’s strata. An ‘underground stream’ of water 
differs from a surface stream only with respect to its location above or 
below the surface.’ 


The legal concept of the geologic and hydrologic conditions determining 
whether a ground-water body constitutes ‘percolating waters” or a subsurface 
water course is described in Miller vs. Bay Cities Water Company, as follows:!” 


‘* * * A water course must consist of bed, banks or sides and water, 
and the water must be flowing in a channel or course more or less defined 
* * * | Waters moving by force of gravity in a valley or basin of wide 


14156 Cal. 603, 105 Pac. 755 (1909). 


for “Treatise on the Law of Irrigation,” 2d Ed., by C. S. Kinney, Bender-Moss Co., San Francisco, 


16 Stoner vs. Patten, 132 Ga. 178, 63 S.E. 897 (1909). 
17 157 Cal. 256, 107 Pac. 115, 27 L. R. A. (N. 8.) 772 (1910). 
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extent * * * and moving generally through the whole or through a large 
portion of the basin, along through the natural voids or interstices of the 
earth, composed of alluvial or other deposits, lying throughout the entire 
basin, and made up of loam, sand, gravel and bowlders, mixed together, © 
and interspersed with irregular and broken strata or masses of clay or 
cemented sand and gravel, and lying in place as originally deposited by the 
forces of nature, do not constitute a water course, but are a part of the 
land, and belong to the owner of land as fully as any other constituent 
part of it * * * . But if such water does collect underground and flow 
in certain courses or channels through coarse, permeable material therein, 
where the existence and general course of the flowing or moving body of 
water can be easily determined, then the water so moving in such channels 
would constitute a water course, although not visible on the surface, and 
although the space through which the channel extends may be largely 
filled with the material through which the water flows.’ 


It should be realized that, in the light of present-day knowledge, ‘‘the 
existence and general course of the flowing or moving body of water’ can be 
determined as readily for the water percolating throughout an extensive “basin” 
or valley as for ground water flowing in a restricted subsurface channel. 
Whereas percolation of ground water below a surface stream is frequently 
restricted by fairly well defined “bed and banks,” subflow often cannot be dif- 
ferentiated from the general ground-water body except as a water-table mound 
or trench below surface flow. 

As a matter of fact, considerable difficulty has been encountered by the 
courts in delimiting subflow and in defining a subsurface water course. In 
City of Los Angeles vs. Pomeroy! the court defined the boundaries of a water 
course as follows: 


“ce * * While a water course must have a bed and banks or sides, yet 
such bed may consist of any material which keeps the waters from pene- 
trating below a certain depth, and such banks or sides may consist of any 
material which has the effect of confining the waters within circumscribed 
limits.” 

Every ground-water body, of course, meets the conditions of this ruling, as the 
limiting boundaries of any body of ground water may be defined more or less 
accurately. The extent of the subsurface reservoir, if not restricted to a sub- 
flow channel, is usually considered as limited to some topographic unit, such as 
the pervious area of a surface drainage basin or the slopes of an alluvial cone. 
Although the saturated water-conducting material is never uniformly permeable 
throughout and may be interrupted locally by lenses or layers of impervious 
material, the subsurface reservoir is considered to extend throughout the 
pervious alluvial material of the basin. 

What constitutes a “known and defined” subsurface water course, then, 
depends upon the viewpoint of the court, and decisions have been based on 
various types of evidence. 

In City of Los Angeles vs. Pomeroy™ it was ruled that: 


““e * * ‘defined’ means a contracted and bounded channel, though the 
course of the stream may be undefined by human knowledge; and the 


18 124 Cal. 597, 57 Pac. 585 (1899). 
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word ‘known’ refers to knowledge of the course of the stream by reasonable 
inference.” 


Numerous decisions have been based on the requirement that: 


‘ce * * without opening the ground by excavation, or having recourse 
to abstruse speculation of scientific persons, men of ordinary powers and 
attainments would know, or could with reasonable diligence ascertain, 
that the stream, when it emerges into light, comes from, and has flowed 
through, a defined subterranean channel.’’!® 


In Maricopa. County Municipal Water Conservation District vs. Southwest 
Cotton Company”? the rule applied was: 

«“k * * there must be clear and convincing proof to the satisfaction of 

a reasonable man, not only that there are subterranean waters, but that 

such waters have definite bed, banks and current, and evidence must 

establish with reasonable certainty the location of such bed and banks; there 

must be certainty of location, as well as of existence of the stream * * * .” 


The rulings in this case are significant. The trial court accepted the geo- 
logical evidence presented as conclusive that ground water occurred in a 
dependent subsurface water course, fed by the influent river. However, a 
higher court reversed the decision, ruling, in regard to proof of a water course. 
that it is insufficient in Arizona to base appropriation on evidence that 

‘ce * * somewhere beneath the surface * * * geological theory teaches 
us that there are subterranean channels * * * . The decree of the trial 
court, so far as it adjudges plaintiff a right of prior appropriation to water 
of any wells not in or immediately adjacent to the surface channel of the 
Agua Fria River, cannot be sustained on the ground that such water comes 
from either dependent or independent underground channels with known 
and definite banks * * * .” 

«* * * There is not a scintilla of evidence in the record from which the 
ordinary man, or even the trained scientist, could point out definitely a 
specific place where any one of the so-called subterranean water courses 
begins, where it ends, or how far its banks extend.” : 


It appears, therefore, that each court must establish a ruling based on its 
interpretation of existing geologic: and hydrologic conditions, and if courts 
refuse to accept scientific evidence indicating natural conditions their decisions 
may not be well founded. 

Subflow—tIn the legal sense, ‘‘underflow, subflow, or undercurrent of a 
surface stream’’ is considered as “those waters which slowly find their way 
through the soil, sand, and gravel constituting the beds of streams, or the lands 
under and adjacent to the streams which are themselves a part of subsurface 
streams.’ By strict application of the conditions given in this definition, 
subflow could be considered only as the ground-water mound or ridge in contact 
with an influent stream or the ground water adjacent to an effluent stream. 

The test applied to determine whether or not ground water constitutes 
subflow is:2° 


‘t * * there cannot be any abstraction of the water of the underflow 
without abstracting a corresponding amount from the surface stream, for 


19 Clinchfield Coal Corp. vs. Compton, 148 Va. 437, 139 S.E. 308 (1927). 
20 39 Ariz. 65, 367, 4 Pac. (2) 369 (1931), 7 Pac. (2) 254 (1932). 
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the reason that the water from the surface stream must necessarily fill the 

loose, porous material of its bed to the point of complete saturation before 

there can be any surface flow. Therefore the river bed must continue: 
holding sufficient water to support the surface stream * * * for otherwise 

in drawing on the underground flow of the stream it will necessarily draw 

upon the water flowing on the surface.” 


Analyses of the definition of subflow and the determining test disclose 
numerous fallacies. Without going into detail, the following discussion should 
indicate some of the hydrologic principles involved. 

Subflow as ‘‘a Part of the Surface Stream.’”’—The waters of subflow are 
specifically qualified as being ‘‘a part of the surface stream.” Effluent subflow 
or influent subflow, with ground-water mound in contact with surface flow, 
comply with this qualification. Obviously, effluent subflow, which is feeding 
the stream, may be considered to constitute a part of surface flow. An effluent 
ground-water body “supports” the surface stream, in that it contributes to 
surface flow. 

A ground-water mound built up to surface stream level also might be con- 
sidered a part of the surface stream, in so far as it is in contact with surface flow. 
A well that taps such a mound may abstract water directly from surface flow. 
However, where an influent seepage column occurs between surface flow and 
the water table, it is evident that subflow cannot be considered a part of the 
surface stream. In any case it cannot be said that a ground-water mound 
“supports” the surface stream, either in the sense that it furnishes a physical 
support or that it contributes to the supply of surface flow. On the contrary, 
the surface stream supplies all of the water of the mound. 

It has’ been stated that diversion of subflow or influent ‘‘percolations”’ 
creates “‘an artificial draft upon the surface flow which draws down a part of 
it and weakens and injures the natural bed * * * .”2 Numerous cases have 
been based on the theory that riparian owners or appropriators of surface flow 
are entitled to have the “percolating and seeping waters” remain undisturbed 
for the purpose of ‘supporting and maintaining” the water in the surface water 
body. A California court held that ‘‘a landowner cannot sink a well so near an 
irrigation ditch of another that the water supply would be taken from the 
ditch.” The principle involved, as stated in the legal brief, is ‘the right to 
the support to the water flowing in the ditch afforded by the seepage water 
escaping therefrom into the soil reasonably adjacent to the ditch.” 

In City of San Bernardino vs. City of Riverside* the following concept of 
“support” furnished by subflow is expressed: 

‘ %* * When a stream runs over porous material saturated with water, 


* * * the underground waters support the stream, either by upward or 
lateral pressure, or feed it directly * * * .” 


This concept that ‘‘support” is generally afforded the surface stream by sub- 
flow is erroneous and is true only where effluent conditions exist. Obviously 


( he aa Irrigation District vs. Azusa Irrigation Co., 126 Cal. 486, 58 Pac. 1057, 46 L. R. A. 820 
1899). 

2 Lemm vs. Rutherford, 76 Cal. App. 455, 245 Pac. 225 (1926). 

23 186 Cal. 7, 198 Pac. 784 (1921). 
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influent ground water furnishes no physical support to surface flow whether 

the ground-water mound is in contact or at some distance below the surface 

stream. Ground water percolates down the slopes of the water-table mound 

away from an influent stream and there is no “upward or lateral pressure” 

exerted on the water in the stream. Whether the stream is influent or effluent, 

the bed is not ‘‘weakened or injured” in any way by diversion of subflow. 
The hydrologic test that 


‘Drawing on the underground flow of the stream * * * will necessarily 
draw upon the waters flowing on the surface (because) the surface stream 
must necessarily fill the loose, porous material of its bed to the point of 
complete saturation before there can be any surface flow * * * \” 


is not generally applicable. The erroneous assumption involved in the latter 
part of this statement is evident from previous discussion of the development of 
ground-water mounds by influent seepage. Pumping effects under influent 
and effluent conditions have also been treated in Part I. These will be reviewed 
briefly, however, from the standpoint of the test for subflow. 

Influent and Effluent Conditions—Surface flow responds to the test for sub- 
flow only under certain conditions of the water table with relation to surface 
flow. If subflow is effluent, the test is partly valid. Pumping will diminish 
- the quantity of ground water reaching the surface stream throughout the parts 
of the stream course affected by the area of pumping influence (see Fig. 7). 
Reduction of effluent seepage feeding surface flow will be in direct proportion 
to the decrease in gradient of the water-table trench sloping toward the stream. 
Furthermore, if the cone of pumping depression reaches surface flow, water will 
be abstracted directly therefrom. In most cases reduction of surface flow pro- 
duced by pumping subflow is small compared to the quantity abstracted from 
the more extensive ground-water body. 

If subflow is influent, pumping therefrom will draw directly on surface flow 
only if the slope of the ground-water mound’in contact with the stream is 
increased, which occurs if the cone of pumping depression extends to the surface 
stream. The quantity thereby withdrawn from surface flow is directly pro- 
portional to the increase in water-table slope away from the stream. As 
explained in Part I, the quantity thus directly diverted from surface flow is 
usually small compared to the quantity withdrawn from the subsurface stream. 

In the common ease in arid regions where the ground-water mound is not in 
contact with the surface stream, pumping from the influent ground-water body 
can have no effect on surface flow throughout the area in which stream flow is 
feeding water underground. Pumping from an influent ground-water body not 
in contact with surface flow does not increase the rate of stream seepage loss. 
It is not true in any case that pumping from subflow abstracts “‘a corresponding 
amount from the surface stream,” although it may draw directly on surface flow. 

Desert streams often carry surface flow only where ground water is forced 
toward the surface by contraction of bedrock channel, producing effluent 
seepage. Pumping of subflow under such conditions may prevent or reduce 
effluence downstream from the pumps. Furthermore, pumping of effluent 
subflow or diversion of surface flow will diminish influent subflow downstream — 


. 
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from such diversion. On such streams subflow and surface flow are so closely 
interrelated as to make any distinction between the two types of flow almost 
impossible. : 

Streams in less arid regions may carry surface water throughout their 
course. Where restricted to narrow bedrock channels, or where the channel is 
cut through relatively impervious valley fill, the flow may fluctuate from in- 
fluent during flood-flow stages to effluent conditions with low-water stages. 
Various local hydrologic and geologic conditions, also, may cause a change in 
the relation of water table to surface flow. The surface streams of alluvial 
cones are usually influent near the apex of the cone and effluent toward the 
lower margin, 

It is evident, therefore, that determination of the relation of the ground- 
water body to surface flow and evaluation of pumping effects often involve 
geologic and hydrologic problems. Effects of pumping or diversion in upper 
reaches of a stream upon surface and subsurface flow in the lower stream 
depend upon the relation of surface flow to subflow throughout the intervening 
section of the stream course. It is not possible to interpret such pumping 
effects without investigating existing geologic and hydrologic conditions. 


CONCLUSIONS 


This paper has stressed some of the problems involved in court interpreta- 
tions of the type of ground-water occurrence according to the present classifica- 
tion of subsurface water for legal purposes. Some of the erroneous legal con- 
cepts resulting from inadequate comprehension of geologic and hydrologic 
factors governing occurrence and movement of water underground have been 
discussed. In order to establish a sound classification and to formulate rulings 
for efficient regulation of ground-water resources, greater consideration should 
be given to principles of ground-water hydrology. A few general rules of law 
‘founded on well-established hydraulic engineering principles should eliminate 
much of the confusion that has arisen in the attempt to follow prior legal rulings 
based on an arbitrary classification not in agreement with occurrence of water 


below ground surface. 
APPENDIX 


DEFINITIONS 
The following definitions apply to terms used in this paper.™ 

1. Ground-Water Hydrology. Ground-water hydrology is the branch of the 
science of hydrology that treats ground water; its occurrence and 
motions, its replenishment and depletion; the properties of rock that 
control ground-water movement and storage; and methods of investiga- 
tion and utilization of ground water. 

2. Suspended Water. Suspended water is water in the zone of aeration, in- 
cluding seeping water (gravity water) and stored water (capillary and 
pellicular water). 


% Unless otherwise noted, these definitions are as given in ‘Ground Water,” by C. F. Tolman, McGraw- 
Hill Book Co., Inc., 1938; see also ‘‘Outline of Ground-Water Hydrology with Definitions,” by O, E. 
Meinzer, U. S. Geological Survey Water-Supply Paper, No. 494, 1923. 
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3. Free Ground Water. If water moves through interconnected openings of a 
body of pervious material unhampered by impervious confining mate- 
rial, it may be denominated “free ground water’? moving under the 
control of the slope of the water table, as distinguished from ‘‘confined 
water’? which moves in strata, conduits, or arteries under the control of 
the difference in head between the intake and discharge areas of the 
confined water body. 

4, Seepage. According to generally accepted usage, seepage is the movement 
of water into or out of the ground. Movement of water into the ground 
from the surface down to the water table is called ‘influent seepage”’ 
and discharge of ground water to the surface is “effluent seepage.”’ The 
terms ‘‘influent”’ and ‘‘effluent”’ are also used with reference to streams, 
ground water, and the water table. An “influent” or “losing stream” 
is feeding water underground and an “effluent”’ or ‘‘gaining stream” is 
receiving water from underground sources. ‘‘Influent ground water” 
or an “influent water table” is receiving water from the surface and 
“effluent ground water” or ‘‘water table” is discharging water to the 
ground surface. 

5. Cone of Pumping Depression. A cone-shaped depression in the water table 
developed around a pumping well, the periphery of which (ground-water 
divide) delimits the ground water moving toward the well. 

6. Basin. The term ‘‘basin”’ is popularly used for the large structural valleys 
of Western United States. 

7. Ground-Water Reservoir. A “‘ground-water reservoir,” the term commonly 
used for a free ground-water body, is not comparable to a static surface 
reservoir. Ground water is never static but is always percolating slowly 
from intake to discharge area in the subsurface reservoir. 

Ground water in stream-laid sand and gravel bounded by “bed and 
banks” of less pervious material or impervious bedrock may be con- 
sidered to function as a reservoir rather than a subsurface stream if the 
body of gravel is bounded above and below by bedrock narrows. Like 
a surface reservoir the rate of flow in a ground-water reservoir is very 
slow, and the body of impounded water is large. 
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MINIATURE SYSTEM OF FIRST-ORDER ALINE- 
MENT AND TRIANGULATION CONTROL 


By FLoypD W. HouGcu,! M. Am. Soc. C., E. 


SYNOPSIS 
An unusual type of survey at the Tygart Dam, on the Tygart River, 
2 miles upstream from Grafton, W. Va. (Fig. 1), is described in this paper. 
Completed early in 1938, the structure was built by the Corps of Engineers, 


Fic. 1—Tyaarr River Reservorn Dam ar Garton, W. Va. 


U.S. Army (Pittsburgh (Pa.) District) and is the largest concrete gravity dam 
east of the Mississippi River, containing 1,250,000 cu yd of concrete. The 
spillway section rises 207 ft above the stream bed and has a maximum eapacity 
of 210,000 cu ft per sec. Flanking the spillway section are non-overflow sec- 
tions 23 ft higher. The total length of the dam at the top is 1,921 ft. 

Tygart Dam is the first unit to be completed of the flood-control system 
for the protection of Pittsburgh and the upper Ohio Valley. It also serves to 


_ Nors.—Written comments are invited for immediate publication; to ensure publication the last 
discussion should be submitted by April 15, 1940. 


1 Associate Engr. (Geodetic), U. S. Engrs., Pittsburgh, Pa. 
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aid navigation during the dry season on the Monongahela River (to which the 
Tygart River is tributary) by the release of impounded flood waters. 
The method of horizontal alinement control described herein is intended 
not to replace, but to supplement, triangulation. As the word implies, aline- 
ment is pertinent to line rather than area control, the latter being the particular 
function of triangulation. Within its sphere of adaptation, the alinement 
method is capable of producing a greater accuracy of relative horizontal posi- 
tion than is the highest grade of triangulation. A survey of this type involves 
‘the study and determination of possible small horizontal movements in a fixed 
engineering structure, such as a large dam, as well as a study of contributing 
factors in the immediate vicinity. It is felt that, in such a survey, a combina- 
tion of an accurate alinement survey across, and on an extension of, the struc- 
ture itself, together with control of the surrounding area by first-order triangu- 
lation, furnishes a most appropriate basis for analytical study and for arrival 
at definite conclusions. 
The purpose of the work described in this paper is to develop a suitable 
’ means for measuring, from time to time, the direction and amount of-any 
horizontal movements that may occur in the various monoliths of the dam to 
supplement the data obtained from the strain gages installed in the dam, and 
to determine ground movements in the surrounding area. Such movements 
may be caused by deformation of the bed due to reservoir load, by load on the 
dam, temperature changes, isostatic disturbance in the vicinity of the dam, or 
by a combination of such forces. 

The horizontal control at the Tygart Dam may be divided into two main 
features—alinement and first-order triangulation. 


ALINEMENT 


The first-order alinement survey consisted of running straight lines across 
the dam, at a low stage of the reservoir pool, both longitudinally and trans- 
versely. These lines are held by small punch holes in bronze T-bars grouted 
flush into each monolith. The bars, 4 in. by 3} in., at the exposed surface, 
were set with their long dimension at right anglés to the alinement line. 

The complete alinement plan and the profiles of the longitudinal lines are 
shown in Fig. 2. Two longitudinal lines, approximately 9 ft apart, were 
established across the dam, one for the alinement on the wing monoliths and 
the other for the spillway monoliths. The limiting clearance due to the special 
design of the pier houses made these two lines necessary. In addition to the 
alinement bars in the dam, twelve substantial concrete monuments, weighing 
800 lb to 1,000 lb each, were established to hold these longitudinal alinement 
lines on the adjacent ridges. The main line extended to ridges 2.5 miles east — 
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and 3.5 miles west of the dam. Reference monuments at right angles were set 
except where the alinement marks were in pairs. Distances to reference marks 
were measured carefully by means of a light-weight standardized tape. The 
: six transverse alinement bars were fixed in 
the monoliths where the various triangula- 
tion lines crossed the dam. 

A 9-in. direction theodolite was used on 
-this work (see Fig. 3). The telescope optics 
for surveys of this nature should be able to 
provide a high resolving power which, com- 
bined with a high magnifying power of 50, 
will allow the observer, in pointing, to differ- 
entiate between the center of the image and 
any eccentric fringes caused by atmospheric 
distortion of the light. The light was cen- 
tered between two vertical hairs, about 3570 
apart in the optical center of the telescope. 
Although a $-in. slit actually subtends an 
angle of 2”0 at a distance of 1,000 ft, the 
light from this slit on an average night will 
occupy a width of from 4”0 to 870 in the 
telescope hairs, due to diffusion in the 1,000 
ft of atmosphere. Experienced observers will 
agree that a signal can be centered between 
two such hairs more accurately than a single 
hair can be pointed upon the signal. 

The observations were made entirely at 
night to minimize adverse atmospheric con- 
ditions. Conditions that might cause lateral 
refraction were avoided. The targets con- 
sisted of small electric signal lamps operating 
on shuffleboards. The lamps and boards 
were designed in the Surveying and Mapping 
Section of the U. 8S. Engineer office, at Pitts- 
burgh, and were machined commercially to 
detailed specifications. Similar equipment 
and methods were used successfully in 1932 

; and 1933 by the geodetic personnel of the 
Fre. 3.— Nina Ince Drancrion TEBOPO- Metropolitan Water District of Southern 

California, in extending the final alinement 
lines for the 90 miles of tunnels of the Colorado River Aqueduct.? 

Each signal lamp consisted of an ordinary two-cell focusing flashlight, — 
rigidly set in a small box. The unit cells were removed and the housing re- 
wired to allow the use of 1.5-volt ignition cells with the standard flashlight 


2*‘Geodetic Engineering Applied to the Colorado River Aqueduct,” by Floyd W. Hough, Military 
Engineer, March-April, 1934. 


" al 
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ulb. The light rays emitted from the lamp were confined to a $-in. vertical 
lit in a metal slide over the face of the lamp. At the base of the slit, and 
yecurately centered, was a vertical hairline scratch extending down to the base 
f the metal frame and riding on the graduations of a section of steel tape 
ifixed to the shuffleboard (see Fig. 4). Since, in moving the light on the 
shuffleboard, the slit through which all light rays passed traveled horizontally 


Fic. 4.—Sienau Lamp AND SHUFFLEBOARD 


n a vertical plane passing through the alinement station and lying at right 
ingles to the alinement line, the effect of errors of eccentricity in the bulb or 
he reflector was practically eliminated. Although a narrower slit of light 
sould have been used, it is doubtful if the accuracy of pointing the telescope 
vould have been increased thereby. Each setting of the lamp could be read 
sasily to the nearest 0.001 ft. No tangent screw assembly was included in the 
lesign of the board as it would have been impractical in use and would have 
idded nothing to the accuracy of the work. The lamp was set independently 
it each observation by sliding it on the tracks of the shuffleboard as directed 
oy flashlight code signals from the observer’s assistant. 

Where the alinement bar was less than 1,000 ft from the instrument, a 
small metal scale, graduated to #, in., was fixed by adhesive tape directly to 
she flat surface of the alinement bar. The target now became the point of a 
sharp needle scriber whose point was moved along the scale. The scale read- 
ngs were then recorded for each observation, as was done with the steel tape 
yn the shuffleboard. 

The total number of observations (varying from 10 to 108) taken on any 
one alinement bar depended upon the range of readings and upon the distance 


1712 FIRST-ORDER ALINEMENT Paper: 


intervening between the instrument and the bar. The extreme range o! 
readings obtained was closely proportional to the distance from the instrument 
to the bar and amounted to about 0.01 ft per 300 ft. The two master contro. 
points on the main and spillway alinement lines of monolith 13 were observec 
upon three and two different nights, respectively. Although these bars were 
1,500 ft from the instrument, the means of the three night observations or 
A13 differed by a maximum of only 0.002 ft, and those for the two nights or 
AS13 by 0.004 ft (see Fig. 2). -An abstract of the field work, listing the result: 
of observations on different nights of the two master alinement points, i 
shown in Table 1. 

Given experienced personnel and adequate instrumental equipment, there 
are many vital details involved in the methods used, the neglect of any one o! 
which may make the difference between first-order results and those of a lowe! 
grade of accuracy. Every possible precaution was used at Tygart Dam tc 
eliminate constant and systematic errors and to minimize accidental errors 
Among these points were the following: 


(a) Rigid lumber tripod set in ground and loaded with rocks (see Fig. 3). 
(6) Instrument protected by observing tent. 


TABLE 1—Mzan Bosarp READINGS ON DIFFERENT NIGHTS OF THE Two 
Master ALINEMENT Bars In Monorits 13 


d Mean | Distance | Punch Punch 
Date, | Theodo- ores Aline- | Number readin alinement hole hole Length 
1938; | lite at coht ment of obser- nS aa bar from | south of | north of | of bar, 
April: | station: 51g) bar* vations in feett ’ |theodolite,| north end,|south end,| in inches 
in feet | in inches | in inches 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
11 AW2 AE1 A13 28 29.531 1,500 Con Lees ies 
12 AW2 AE1 A13 40 29.529 1,500 ater pores wea 
13 AW2 AE1 A13 40 29.531 1,500 1.27 2.25 3.52 
12 ASW1 ASE1 AS13 30 29.515 1,500 Sou fetes Gat 
13 ASW1 ASE1 AS13 50 29.511 1,500 1.54 1.95 3.48 


* A13 is on main alinement line in monolith 13; and AS13 is on spillway alinement line in monolith 13 
+ Range, 3 nights, on Al3 = 0.002 ft; and 2 nights, on AS13 = 0.004 ft. 


(c) Accurate centering of the instrument within 0.001 ft was accomplished 
by using new 14-oz plumb-bobs, shielding the bob from air currents, spinning 
the bob to determine any eccentricity of its point, and having the instrument 
so oriented that the vertical plane containing the two sections of plumb-line 
leading from the hook coincided with the vertical plane of the alinement line. 

(d) The theodolite was adjusted particularly for level, collimation, verti- 
cality of the pair of vertical hairs, and parallax. 

(e) The program was so arranged that alinement points were set by ob- 
serving on relatively long foresights, obviating the necessity for plunging the 
telescope between the pointing on the fixed light and the alinement bar to be 
set. This method tends to diminish any error in alinement as the instrument 
is moved forward to succeeding stations. 
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(f) Five observations were taken with the telescope in a direct position, 
followed immediately by five in the reversed position. This program of equal 
number of direct and reversed positions of the instrument operates to eliminate 
collimation errors, focusing errors of the draw tube, and errors due to the 
horizontal and vertical axis not being exactly at right angles to each other. 
At each observation, the fixed foresight light was purposely thrown out of the 
hairs by a small movement of the horizontal tangent screw, thus making each 
observation the result of an independent pointing on the fixed foresight. After 
setting the movable light between the hairs, the observer, before giving the 
“O.K.” signal, habitually rested his eye by closing it momentarily and then 
glancing back for a check on the pointing. 

(g) A sensitive stride level on the horizontal axis was used continuously 
throughout the observations instead of depending on the relatively sluggish 
plate level. The error due to the inclination of the vertical axis cannot be 
eliminated or reduced by the reversal of the instrument. An accurate stride 
level spanning the full length of the horizontal axis, and properly operated, 
is the only satisfactory answer. The stride level itself was kept in careful 
adjustment. Its own remaining error of adjustment was eliminated by lifting 
it from the horizontal axis and reversing it end for end during reversal of the | 
instrument. The effect of this was to throw the small angle of adjustment 
error equally on opposite sides of the vertical plane of the alinement line. It 
should be noted that this took care only of the lack of perfection in the adjust- 
ment of the stride level itself. To eliminate the systematic effect of vertical 
axis inclination and transform it to a small compensative error, the stride level 
was brought to center by the instrument foot-screws after each reversal and, 
when necessary, immediately prior to each pointing on the fixed foresight. 

(h) Personal error in the setting of the target on the scale was made com- 
pensative by bringing up the target alternately from the left and right. The 
observer at the instrument could not see the scale readings, and the person 
shifting the target was not in a position to see the readings on the scale until 
after receiving the observer’s “‘O.K.’’ signal. 

(i) When using the needle scriber for a target, the illumination was alter- 
nated from equal angles to right and left of the scriber point to eliminate the 
error of phase. 

(j) All readings of the target scales were checked independently by the 
recorder and entered in ink in the record book. The shuffleboard, which stood 
about 7 in. above the alinement bar, was weighted down securely. However, 
to furnish a positive check on the stability of the board, readings of both ends 
of the bar were taken on the tape both before and immediately after the 
observations. All computations and data in the record book were checked and 
initialed by both the target operator and the recorder. 

(k) After the mean reading was determined, it was plumbed carefully the 
few inches from the scale on the shuffleboard down to the bronze bar and a 
small hole punched in the bar. In a case where the small scale was in contact 
with the surface of the alinement bar, the hole was punched at the mean before 
removing the scale. The two short distances from the punch hole to either 
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end of the bar and the length of the bar, for a check, were entered and initialed 
in the record book so that if the punch hole should become worn or ever 
removed entirely, it may be replaced with complete assurance in its original 
location on the bar. 


When using the aforementioned equipment and observing the precautions 
outlined, the alinement work can be done more accurately than even double 
first-order triangulation, due to the fact that neither the errors of the graduated 
circle nor of the micrometers are involved in the alinement observations. 

From an analysis of the agreement between observations taken on different 
nights and the probable errors of the observations involved, it is apparent that 
a horizontal movement of 0.01 ft on the dam as a whole in respect to the adja- 
cent ridges, or of half that amount of relative movement among the monoliths, 
can be shown conclusively by the alinement procedure described. 


TRIANGULATION 


The first-order triangulation scheme consisted of sixteen stations arranged 
in an overlapping system of figures, concentrated mainly in the vicinity of the 
dam but extending east and west across valleys to adjoining ridges. The 
triangulation of the main scheme covered a small area of only 3.3 sq miles, 
with lines from 440 to 7,800 ft long, the median line being 3,450 ft. The 
reconnaissance was done with a particular view to proper strength of figure and 
avoidance of lines subject to lateral refraction. 

Stations were marked by bronze plates in large concrete monuments 
poured in place and set 4 ft into the ground. The excavation was enlarged 
toward the base. This provided a batter to the monument for resisting frost 
action along the sides. The stations were referenced by two other concrete 
monuments. 

The angles were observed with the direction theodolite shown in Fig. 3, 
with sixteen positions of the circle on each of two nights. Any directions 
differing by more than 4”0 from the mean for that night were rejected and a 
new mean taken. Observations were recorded in ink on special mimeographed 
forms. Computations on these record sheets were checked and initialed 
carefully. 

_ The small lamps previously described, with 4-in. vertical slits, were used as 
targets. The same care in centering the instrument and lamp was used on 
the triangulation as in the alinement work. Except for the problem of center- 
ing and the necessity for the use of an accurate stride level because of steeper 
vertical angles, it is scarcely more difficult to obtain good triangle closures on 
short lines than on long ones. However, considering that an eccentricity of 
0.005 ft will cause an error of 170 on a line 1,000 ft long, and proportionally 
greater or less errors for shorter or longer lines, respectively, it is clear that the 
problem of centering becomes acute. That this problem may be taken care of 
satisfactorily is evidenced by the following statistics from the simultaneous 
least-squares adjustment of the first-order triangulation net at Tygart Dam: 
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Probable error of an observed direction........... +0"47 
Average correction to a direction................ 0788 
Average closing error of a triangle............... 1707 
Maximum correction to a direction.............. 1743 
Second largest correction to a direction........... 1703 
Maximum closing error of a triangle............. OMIT 
Meanrerromotamancletias ¢ a cc austenitic +0"74 
Average correction to an angle.................. 0" 62 
Maximum correction to an angle................. 2" 41 
EN Cry OLmETT ATO CSiar5, Au ws seeloitonjeaieqeiiete, eet eal dioas wit Hl! 
Nmiberote plus closures'sy ote s snr oa tye motte sts a lS 
Number ofmminusiclosures: 4. «Jace sone i LS 
Lengths of line, in feet: 

IMME waht Toe e208 6) ARREARS enone (ee chanel on omer 7,800 

INSU ATAU TERRA S| phos A too 8 eae eather eRe eee ee 440 

[Miociia meee tt heer ener ee Ma tiaidat bao mboulaty « 3,450 


There were several nights without a single rejection. The rules for rejection 
of observations listed in the manual of first-order triangulation’ were rigidly 
followed throughout the field and office work. 

The stride level was employed continuously on all observations throughout 
the triangulation, using the same detailed methods of operation as on the 
alinement. Before each half position, the stride level was centered by the 
instrument foot-screws with the telescope pointed approximately in the direc- 
tion of the light having the greatest vertical angle. An azimuth from Polaris 
was observed to orient the triangulation. 

A base 1,650 ft long was measured with three different 50-m invar tapes, 
each of which had been certified as to length, weight, and coefficient of expan- 
sion by the National Bureau of Standards. The base extended over rough 
ground, but the grade did not exceed 9% in any tape length. The three 
measurements of the base with the three different tapes fell within a range of 
1.0 mm, which resulted in a computed probable error of 1 : 2,500,000. 

After the lists of directions were checked and initialed, the triangulation 
was adjusted rigidly by the application of the method of least squares. The 
main scheme adjustment involved thirty-one triangles, thirty condition equa- 
tions (including twenty-one angle and nine side), and sixty-eight unknowns. 
The relatively large number of condition equations was due to overlapping 
figures. The additional observed lines were introduced to strengthen the net 
by increasing the number of conditions to be satisfied in the adjustment. 
Stations AE1, AW, and AE (Fig. 2) were fitted to the main scheme by sec- 
ondary adjustments. 

Rectangular coordinates of all triangulation stations were computed on a 
horizontal plane through the crest of thedam. They were based on an assumed 
origin and the observed true azimuth at station FARM. 


3 Special Publication No. 120, U. S. Coast and Geodetic Survey. 
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Further elaboration as to detailed methods of triangulation, base measure- 
ment, and computations, is not made in this paper because they conformed to 
standardized procedure for first-order geodetic surveys already published‘ in 
various treatises on this subject. 


SUMMARY 


The use of first-order triangulation to determine small earth movements 
has been employed extensively on the west coast by the U. 8. Coast and 
Geodetic Survey. More recently the triangulation has been supplemented by 
alinement lines. These have been extended across known fault lines to measure 
small longitudinal movements. : 

The particular method of alinement surveys used on the Tygart Dam and 
for the tunnels of the Colorado River Aqueduct, as previously mentioned, has 
a limited field of application; but within that field it represents a most accurate 
means of laying a straight line on the topographical surface and of determining 
at a later date any changes from that line. 

The “straight line” here obtained is in reality the alinement curve on the 
spheroid modified slightly by the deflection of the plumb-line, the latter being 
due to the effect of local topographic masses. This alinement curve lies be- 

- tween the two plane curves connecting the ends of the line and, due to the 
short distances between instrument stations, very nearly coincides with the 
geodetic line connecting the end points. In fact, for the short distances in- 
volved, all of these curves may be considered as coincident straight lines. Even 
in large triangulation figures, the observed direction, which is a plane curve, is 
treated as a geodetic line. 

The deflection of the plumb-line, due to the different effects of topographic 
mass attraction at the various stations along the alinement line, undoubtedly 
does cause some deviation from the desired line; but even if it were shown that 
these effects were not entirely negligible from a practical standpoint, they still 
would not detract from the accurate determination during future surveys of 
movements at right angles to the alinement line. This is true because the 
deflection of the vertical, which is the small angle between the normals to the 
geoid and the spheroid at any point, may be assumed to remain constant, and 
the original line would be rerun under identical conditions as to topographic 
mass attraction, except for the changes in the reservoir mass whose effect 
would be negligible. 

The system of overlapping triangles in a net of first-order triangulation 
(such as that established in the vicinity of the Tygart Dam to detect any small 
earth movements which might occur in the surrounding ridges) creates numer- 
ous conditions which must be fulfilled exactly to secure proper correlation 
between the ground points. The theory of least squares, by which the most 
probable values are obtained, lends itself admirably to the solution of these 
various condition equations. 

The high order of accuracy obtained in the horizontal control at the Tygart 
Dam, together with the stability and permanence of the marked stations, 


4 Special Publications Nos. 28, 120, 138, U. 8. Coast and Geodetic Survey. 
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furnishes an ideal condition for economical remeasurements at any future 
time to determine what small changes, if any, have occurred, both in amount 
and direction. 

Although certain portions of the continent are known to be more stable 
(geologically speaking) than others, geologists will agree that it cannot be 
stated with assurance that any part of the earth’s crust is entirely free from 
the possibility of isostatic adjustments at any unforeseen time. With this in 
view, does it not seem logical that 0.03% of the cost of an engineering structure, 
such as a large dam, may reasonably be devoted to a first-order control survey 
which will show conclusively just what movement, if any, is taking place in the 
surrounding ground as well as on the structure itself? 

It is felt that, with the rapidly increasing appreciation for the economic 
advantages of more accurate surveys based on definite standards rigidly ad- 
hered to, such as those adopted by the International Geodetic Association and 
the U. 8. Coast and Geodetic Survey, the time is not far distant when it will 
become common practice to determine the ground position of important engi- 
neering structures by the use of properly established and adjusted first-order 
control. 
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PAPERS 


PRESSURE-MOMENTUM THEORY APPLIED TO 
THE BROAD-CRESTED WEIR 


By H. A. DOERINGSFELD,! EsQ., AND C. L. BARKER,? 
Assoc. M. Am. Soc, C. E. 


SYNOPSIS 


The general theory of pressure momentum, and its application to the 
broad-crested weir, is presented in this paper, with data obtained by test. 
The purpose of the experimental work was to check a formula for flow over the. 
weir developed on the basis of conservation of momentum. The application 
also applies to the sharp-edged entrance to flumes from reservoirs. 


INTRODUCTION 


The advantages of the broad-crested weir as a measuring device, where head 
is at a premium, have been enumerated by several experimenters and most 
recently by James G. Woodburn,’ M. Am. Soc. C. E. The pressureemomentum 
theory offers a method of developing a formula for the flow of water which is 
free from empirical coefficients that vary widely with different heads and crest 
heights. The use of the formulas requires only the measurement of the head 
on the weir. 

Notation—The symbols used in this paper are defined where they first 
appear and are assembled for reference in the Appendix. 


REVIEW OF THE PREssURE-MoMENTUM THEORY 


Consider the part of a filament of water, Al’ in length, whose cross-sectional 
areas at points 1 and 2 are AA, and AAz, respectively (see Fig. 1). Let the 
pressures at points 1 and 2 be P; and Pz, respectively. If the inclination of 
the filament to the horizontal is 6, the resultant force in the direction of motion 
(that is, downward and to the right) will be the algebraic sum of the gravity 
and pressure components in that direction. LEquating the total force to the 


_ Nors.—Written comments are invited for immediate publication; to ensure publication the last 
discussion should be submitted by April 15, 1940. 
1 Asst. Prof., Mathematics and Mechanics, Univ. of Minn., Minneapolis, Minn. 
2 Asst. Prof., Hydr. Eng., Coll. of Eng., State Coll. of Washington, Pullman, Wash. 
3‘‘Tests of Broad-Crested Weirs,” by James G. Woodburn, Transactions, Am. Soc. C. E., Vol. 96 
(1932), p. 387. 
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product of mass and acceleration (which is the rate of change of momentum): 


P, AA, — P, AAy + AG sin 8 = Am = 1 toe eee (1) 


. al o 
Fie. 1 Fie. 2 


in which m is the mass; G is the gravatational force; V is the velocity; and 
tis time. Since the volume of the segment is nearly ie Saree 
AG sin @ = 3 (AA, + AAs) AP wsin @...... 2... 22 (2) 


in which w is the weight of water per unit volume. Substituting Equation 
(2) in Equation (1), multiplying by dé, and integrating: , 


(P, AA; — P,AAy + AG sin 0) t = Am Vo! — AmVy........ (3) 


in which V;’ and JV,’ are the velocities at points 1 and 2, respectively, in the 


direction Al’. Substituting Am = AQat 


(pale Se ear # Ce 


“+ 3 (AA: + AA.) Al’ wsin @=0.........5...504. (4) 


, dividing by #, and transposing: 


: 


in which g = acceleration due to gravity. : 
Consider now an open channel of length Al, depth d, width 6, and inclination 
6 (Fig. 2). From Equation (4), assuming parallel filaments of flow, 


Ee (vr, AAs! + aa = Xe (p AAi + a 


fy eheteaolS See eee = AAS) gf wane SO (5) 
but 
dAalfes bidddiutt 2\s.8benemde. sere (6a) 
PA gb dds od och ingen ee ee (6b) 
¢ 


dQ = b dd,’ VY,’ =F dd,’ V3 Rear Ooo et (6c) 
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in which 6 = the breadth of the channel. In Equation (5), replacing the A’s 
by differentials and substituting the values in Equations (6): 


dy , , d,! , yeate 
ff oe i et 5| Praay +S", | 
0 0 


2 / 
EE ps AUESI TO b=—t Olaeynisnle satan icky ae ant (7) 
y 7 ? 
Furthermore, since P = wd; d = SEV ! ; and Al = Bi 
cos 8 os 0 cos 0 
wd’ 
ee pe sh re ee ee as (8) 


Integrating Equation (7) and substituting the foregoing values: 
d? Vid d,? Vo? de 
5( + tte) wy ” p(y Vee | y 
+p Gt ary tang =0 sa eee oak aoe Eee (9) 


2 
If 6 = 0 and “ = 2H, the pressure-momentum equation for a horizontal 


channel becomes: 


bw | (@+2u.a.) -(#+2ma) |= ee. (10) 


in which H = the hydraulic head. If friction forces are considered, the right- 
hand member of Equation (10) is not zero, but is set equal to the sum of these 
forces, f. Hence, if 

d? 


r=bw(S42ar) Fo tad ee eee (11) 


then 


in which F is a pressure-plus-momentum force. 


APPLICATION OF THEORY TO BROAD-CRESTED WEIR 


Consider the broad-crested weir sketched in Fig. 3. The pressure-plus- 
momentum force in Equation (8), on the upstream side, is: 


F, =bw(% 4 O" ) is, tha WAAR Lares (13a) 


2 
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On the top of the weir: 


Fr= bw (4 4 Q ) CES we eer rene (138) 


The force P,, in Fig. 3, due to unit water pressure p on the weir face, is assumed 


to be: 
Pom udp| EtG — a | yp 4, (242K) eer. (14) 


The accuracy of this assumption is checked experimentally. Substituting 
Equations (13) and (14) in Equation (12), and simplifying: 


d;? Q d3? Q? Sid — ai b 
(¥+2%,) (4 (Fo ae 


In Equation (15), let d, — ds = H; and H = K d;, in which K = a con- 
stant. Then simplifying and solving for Q: 


FOUN Sal woe Bose) d, +H ae 
Oe ge —— Kidk+h) =a stews (16) 


Tn order to reduce Equation (16) to the form commonly developed for weirs, 
it may be written: 
Oo OO Oe ne ee ee (17) 


V2g{(K?-1 ee 0.5 
q = 80[(e 3) ae 


Assuming the flow across the weir to be parallel, the pressure distribution 
on the upstream face to be as assumed, and the frictional losses between the 
crest and the position of parallel flow to be negligible, Equation (16) should 
give the discharge. To check these assumptions and to evaluate K the follow- 
ing apparatus was developed. 


in which 


DESCRIPTION OF THE APPARATUS AND Trest PROCEDURE 


Minnesota Tests —A metal weir was constructed of two standard 6-in. 
channels and one }-in. steel plate 1.68 ft by 2.25 ft. The channels that formed 
the upstream and downstream faces were screwed to the plate that formed the 
top of the weir. The resulting crest height of the completed weir was 0.53 ft; 
the breadth of the weir was the width of the channel, 1.68 ft; and the length 
was 2.25 ft. Holes for piezometer connections were drilled on the center lines 
of both ends and the top. On the faces, the top hole was drilled as near the ~ 
edge as possible; the first five holes were spaced 0.025 ft on centers and the 
remaining holes, 0.05 ft on centers. On the crest, holes were drilled as near the 
edge as possible; the first five holes from the edge were spaced 0.05 ft on centers 
and the remaining holes were spaced 0.1 ft on centers. Into each hole drilled © 
in the weir was screwed a brass nipple carrying a hole #5 in. in diameter. The 
ends of the nipples terminating on the surface of the weir were made very 
smooth so that there would be no disturbance due to them. 
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The rubber tubes led from the weir nipples to a rack containing sixty glass 
piezometer tubes { in. in diameter (see Figs. 4 and 5). Two of the glass tubes 
were connected to read the head on the weir 15 ft upstream. ‘Two more were 
connected to read the head several feet downstream from the weir. 


= 5 
9 

By 
E = fg fu 
23 £3 r 2s 29 
32 Ro a ne ae 

ot fe 2 6 So 

> > is) a (=) 
i o ANMTFOORDAWHAUMTNOR AHO SNMTOHOORADOANM TH 
ANMPOORODAANASRAOMAM TNGANKAAAHM MMOH OHHOS Teer seen Ho 


PIEZOMETER BANK 


Direction of Flow 
ed 


BROADCRESTED WEIR 


Fic. 6—Broap-Crestep Weir SHowine Niproes AND Numepers; Nos. 1 anp 2 Connecrep UpstTREAM 
anp Nos. 52 anp 53 ConnectEp DowNstTREAM 


Fig. 6 shows the location of the nipples on the weir and the numbers of the 
nipples. These nipples were connected by the rubber tubes mentioned to the 
correspondingly numbered piezometer tubes in the rock. Piezometer tubes 
1 and 2 were connected upstream to measure the head. Nipples 3 to 14 in- 
clusive were on the upstream side. 

A scale reading to 0.01 ft was placed behind the piezometer tubes. With 
the apparatus thus constructed it was possible to read the pressure profile over 
the weir at a glance. The water-surface profile was taken with a point gage 
mounted on a track on top of the glass channel (see Figs. 4 and 7). In Fig. 7 
the sharp-crested weir isin the foreground. This leads to the glass channel and 
on to the broad-crested weir. The rails carrying the profile gage are shown on 
top of the channel, 
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To trace out the flow lines, 2-in. strands of No. 50 black silk thread tied in 
the eyes of No. 9 needles, which were mounted perpendicular to a white board 
in columns 1 in. apart, were used. The needles were spaced vertically } to 3 in. 
Photographs were taken of the threads trailing in the stream to provide a 
permanent record (see Fig. 8). 

The water used in the experiments was circulated by pumps in the basement 
of the laboratory. These forced the water to an overhead constant-level tank 
out of which the water was carried through a 10-in. header to a sharp-crested 
rectangular weir (see Fig. 7). The head on the weir was measured by a hook 
gage. The discharge from the weir was carried by a glass channel 2.5 ft deep, 
1.68 ft wide, and 40 ft long. The broad-crested weir under test was placed just 
downstream from the middle of the channel. The lower end of the glass 
channel was closed by a gate that could be adjusted to regulate the tailwater 
elevation on the broad-crested weir. The channel discharged into two 11,000-lb 
weighing tanks. Before any experimental work was performed, the tanks were 
calibrated and then used to calibrate the sharp-crested weir at the entrance of 
the channel. This calibration was checked frequently during the experiment 
to obviate any errors. 

Eleven runs were made under heads varying from about 0.1 ft to 0.6 ft, 
‘for each of which the water-surface profile was taken with the point gage. On 
these runs pressures were read on the weir by means of the piezometers described. 

Five weirs of different crest heights, and the same crest length and breadth 
as the steel weir just described, were placed in the glass channel. The data are 
shown graphically in Fig. 9. 

Washington Tests—Two weirs were constructed of tempered hard board, 
with crest heights of 0.262 and 0.471 ft, crest lengths of 0.833 and 0.833 ft, 
and crest breadths of 1.12 and 1.65 ft, respectively. These weirs were placed 
in a channel so arranged that the water-surface profile could be determined. 
The water flowing through the channel was measured by a sharp-crested, 
constricted weir whose head was measured to 0.001 ft. The head on the broad- 
crested weir was decreased in nearly uniform increments until standing waves 
formed on the surface of the weir. 


RESULTS 
Fig. 10 shows the results obtained as to water depth and pressure distribution 
over the weir. They check, substantially, the results observed by Professor 
Woodburn with regard to the limiting depth of tailwater without affecting the 
head on the weir; and the position of critical depth (d,) agrees quite well with 
the locations obtained in his experiments. However, the critical depth was 
computed on the basis of parallel flow by the formula . 


which cannot be assumed to be the critical depth for curvilinear flow, the con- 
dition that exists at the upstream edge of the weir. In Equation (19) g = flow 
through a unit of cross section of area. 


4° Hydraulies of Open Channels,”’ by Boris A. Bakhmeteff, M. Am. Soc. C. E., p. 43. . 


~ 


4 
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Fie. 9.—Curves Computrep FRoM Equation (16) AND THE CORRESPONDING EXPERIMENTAL Data 
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An examination of the pressure profiles substantiates the assumption made 
in the development of Equation (15) that the pressure on the upstream face 
was due to the depth d;. The study of the water-surface profiles and the lines 
of flow taken from the photographs gave the positions of ds (depth of parallel 
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Fic. 10.—Wartrer Dreprus AND Pressurp DistRIBUTION 


flow across the weir) for the different runs. At the point of minimum depth, 
for a very short stretch, the water is flowing parallel (or nearly so) to the 
surface of the weir. It was at this point that ds was measured. 

The yalues of K on the Minnesota weir are given in Table 1(a), and Table 
1(b) shows the values of K determined at Washington State College. Although 
there is some variation in the average values of K determined, the formula is 


December, 1989 PRESSURE-MOMENTUM THEORY FOR WEIRS 1729 


rather insensitive to the value of K. The average of all the various averages 
is 1.98. Ifa value of 2 is used for K, to make computations simple, the results 
given by Equation (16) are quite close for practical computations. 


TABLE 1.—Osservep Vauuzrs or K 


(a) Minnusora Tests (0) Wasnineton Txsrs 
Crest Dimensions, in Feet: 
Height 0.53 0,262 0.471 
Length* 1.68 0.833 0.833 
Breadth 2.25 1,12 1.65 
Head, H, | Depth, ds, H | Head, in Head, in Head, i 2 
in feet in feet TS da feet K feet K feet fs K 
(1) (2) (3) (1) (3) (1) (3) (1) (3) 
0.117 0.060 1.95 Goce 1.29 0.207 1.83 0.076 1.73 
0.128 0.070 1.83 0.090 1.49 0.226 1.86 0.088 1.91 
0.156 0.085 1.84 0.103f 1.64 0,228 1.90 0.108 1.96 
0.230 0.120 1.92 0.1241 1.70 0.245 1.90 0.121 1.92 
0.270 0.140 1.93 0.132 1.86 0.268 1.88 0.144 1.95 
0.355 0.180 1.97 0.151 1.92 0.279 1.86 0.159 2.09 
0.430 0.220 1.96 0.157 1.84 0.295 1.88 0.180 2.12 
0.480 0.250 1.92 0.170 1.77 0.302 1.90 0.194 2.11 
0.528 0.280 1.88 0.186 1.86 0.334 1.90 0.217 2.04 
0.585 0.310 1.88 0.195 1.82 nod 0.232 2.08 
0.552 0.285 1.94 i 0.251 2.04 
a * Channel width. + Ripples on crest. 0.268 2.04 
{ Standing waves on weir. § Average of last fifteen values. 0.288 2.01 
Average | pe ekd | 1.91 rt | iat | Anat 1.865§ 2.06 


AccuRACY OF THE FoRMULA 


Twenty-six tests were made on the steel weir at Minnesota, including the 
eleven in Table 1(a), to check the accuracy of Equation (16) (see Table 2). 
The discharge by the sharp-crested weir is taken as correct. The discharge 
for the broad-crested weir is determined by Equation (16). In the first case 
(Column (3), Table 2) K is used as 1.93 which was the average for the eleven 
runs on this weir. In the second case (Column (4), Table 2) K is used as 2.00 
to show the effect of a slight change upon the formula. 

From Table 2, for the steel weir used in the test, the value of K could be 
well assumed as 2. Column (9), Table 2, shows the quantities as computed 
by Equation (10), using K as 2 for the various weirs. Data published by the 
U. 8. Geological Survey® were used for check computations, and results are 
given in Table 3. 


CoNCLUSION 


It is the writers’ opinion, based on the tests and computations given, that 
flow over a broad-crested weir may be computed quite accurately by use of 
Equations (16) and (17), assuming K to be 2. Thus far tests were made on 
only sharp-edged weirs. Undoubtedly a similar expression could be developed 
for round-edged weirs. The accuracy of the formulas is to be questioned if the 
breadth of the weir crest is so small that the water surface does not become 


5 Water Supply Paper No. 200, U. S. Geological Survey, p. 70. 


1730 PRESSURE-MOMENTUM THEORY FOR WEIRS Papers 


TABLE 2.—Tzsts To CHEcK THE AccURACY OF EQuaTion (16) 


DiscHaRGh BY SHARP- DiscHaRGE By SHARP- 
Crestep WEIR, IN gg ake Sig Crestep WEIR, IN engi a 
Cupic FrET PER g Cunic FEET PER ROR 
Head acne Equation (16) | Head Snoota Equation (16) 
on on 
broad- broad- 
on Bay ee cant By Equa- 
- ee tion (16) initeete tion (16) 
in feet; in feet; Fn esancnd 
heen Obs ih SLs mee een Ob ee 3a) 
eight = 1 eight - 4=0. Ke 
d4= | served K=1.93)K =2.00| dy= | served K=2.00) 1'365 
ufc a t 
0.53 0.262 


K =1.93)K =2.00 


K =2.00 1.865t 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

0.068 0.075 | 0.0760 | 0.0750 | +1.30 0.00 | 0.053* | 0.0270 | 0.0262 | 0.0264 |— 2.86 | —2.22 
0.112 0.160 | 0.1612 | 0.1617 | +0.60 | +1.06 | 0.090* | 0.0650 | 0.0592 | 0.0599 |— 9.50 | —7.90 
0.114 0.165 | 0.1670 | 0.1660 | +1.20 | +0.73 | 0.103* | 0.0790 | 0.0732 | 0.0740 |—13.00 | —6.33 
0.117 0.170 | 0.1745 | 0.1732 | +2.60 | +1.76 | 0.124* | 0.1000 | 0.0977 | 0.0993 |— 2.30 | —0.70 
0.128 0.193 | 0.2000 | 0.1983 | +3.50 | +2.62 | 0.132 0.1100 | 0.1078 | 0.1093 |— 2.00 | —0.64 
0.144 0.240 | 0.2410 | 0.2380 | +0.40 | —0.83 | 0.151 0.1348 | 0.1331 | 0.13855 |— 1.27] +0.52 
0.155 0.270 | 0.2690 | 0.2667 | —0.37 | —0.11 | 0.157 0.1420 | 0.1415 | 0.1435 |— 0.35 | +1.05 
0.156 0.270 | 0.2720 | 0.2693 | +0.74 | —0.26 | 0.170 0.1650 | 0.1602 | 0.1626 |— 2.90 | —1.56 
0.178 0.330 | 0.3340 | 0.3300 | +1.20 0.00 | 0.186 0.1810 | 0.1844 | 0.1886 }+ 1.88 | +4.20 
0.230 0.500 | 0.4950 | 0.4940 | —1.00 | —1.30 } 0.195 0.2040 | 0.1990 | 0.2021 |— 2.45| —0.93 
0.270 0.647 | 0.6410 | 0.6340 | —0.90 | —2.00 | 0.207 0.2270 | 0.2189 | 0.2222 |— 3.96 | —2.12 
0.289 0.700 | 0.7120 | 0.7080 | +1.70 | +0.87 | 0.226 0.2620 | 0.2513 | 0.2557 |— 4.08 | —2.40 
0.334 0.890 | 0.8940 | 0.8860 | +0.45 | —0.45 | 0.228 0.2615 | 0.2550 | 0.2605 |— 2.49 | —0.39 
0.355 0.955 | 0.9830 | 0.9730 | +3.00 | +2.30 | 0.245 0.2910 | 0.2853 | 0.2907 |— 1.95] —0.10 
0.390. 1.140 |} 1.1470 | 1.1300 | +0.60 | —0.88 | 0.268 0.3350 | 0.3290 | 0.3354 |— 1.79} +0.12 
0.480 1.280 | 1.3330 | 1.3180 | +4.10 | —3.14 | 0.279 0.3500 | 0.3509 | 0.8575 |+- 0.26 | +0.21 
0.434 1.290 | 1.3500 | 1.3380 | +4.70 | +3.72 | 0.295 0.3850 | 0.3830 | 0.3908 |— 0.52 | +1.49 
0.452 1.420 | 1.4430 | 1.4250 | +1.60 | +0.35 | 0.302 0.4180 | 0.3972 | 0.4053 |— 5.02} —3.11 
0.480 1.560 | 1.5580 | 1.5670 | —1.80 | +0.45 | 0.334 0.4550 | 0.4669 | 0.4765 |+ 2.53) +4.73 
0.481 1.580 | 1.5900 | 1.5720 | +0.60 | —0.51 | 0.108* | 0.0770 | 0.07687| 0.07524) — 0.26 | —2.24 
0.508 1.730 | 1.7400 | 1.7200 0.60 0.58 | 0.121* | 0.0940 | 0.0915}] 0.0900T| — 2.66 | —4.25 
0.528 1.820 | 1.8500 | 1.8230 | +1.60 | +1.65 | 0.144* | 0.1200 | 0.11977] 0.11767] — 0.25 | —2.00 
0.552 1.973 | 1.9800 | 1.9550 | +0.35 | —0.91 | 0.159 0.4440 | 0.13954] 0.13737] — 3.12 | —4.65 
0.555 1.975 | 1.9950 | 2.0770 | +1.01 | +0.52 | 0.180 0.1680 | 0.16927] 0.1663+)/+ 0.72 | —1.01 
0.587 2.130 | 2.1800 | 2.1570 | +2.35 | +1.27 | 0.194 0.1820 | 0.1898} 0.18717/+ 4.10 | +2.80 
0.588 2.150 | 2.1900 | 2.1620 | +1.40 | +0.56 | 0.217 0.2300 | 0.22607} 0.2225t| — 1.74 | —3.26 
F : 0.235 0.2530 | 0.25607] 0.2521+/+ 1.19 | —0.36 

* Ripples and standing waves on crest. 0.251 0.2830 | 0.28377] 0.2798+}+ 0.25 | —1.13 

+ In the last eleven tests d4 = 0.471. 0.268 | 0.3020 | 0.31407] 0.3097|/+ 4.00 | +2.55 

t In the last eleven tests K = 2.08. 0.288 | 0.3470 | 0.85157] 0.3468T|+ 1.30 | —0.05 


TABLE 3.—ExpprmmMents oN Werrs or IRREGULAR SECTION 


_ (b) Cornett ExPERImMENTS:* 


(a) Baztn’s Serres No. 115: Crest Hereur = 2.46 Fr; Gawen Elaraait aa opine 
: ; 


anp Crest LencTa = 6.56 Fr Crest Lenets = 15.969 Fr 
Observed | Coefficient Value of | Observed | Coefficient Value of | Observed | Coefficient Vaige of 
head, |g, Oe, head, | ¢,=—2— |mquan head, || @, = G2. laanai 
in feet SS Te 9) "a7) in feet Be “a7 in feet ie ee sa7) 
(1) (2) (3) (1) (2) (3) (1) (2) (3) 
0.196 2.25 2.50 1.023 2.61 2.65 0.312 2.684 2.47 
0.264 2.41 2.52 1.097 2.63 2.67 0 447 2.713 2.48 
0.342 2.45 2.53 1.178 2.64 2.68 0.698 2.696 2.49 
0.415 2.51 2.55 1.260 2.65 2.69 0.851 2.579 2.50 
0.495 2.50 2.57 1.330 2.68 2.70 1.206 2.652 2.52 
0.566 2.55 2.58 1.388 2.69 2.71 1.480 2.531 2.53 
0.638 2.54 2.59 1.424 2.70 2.71 1.890 2.624 2.54 
ce | ig | it Le ge Le | eee 
92 “| ti lies Ih Pree APSE Sy Sn Po el r . | 
0.871 2.60 2.63 Bee Rp ROLE OE 3.661 2.637 2.62 
0.948 2.60 2.64 Series XLIII, p. 70. be 4,436 2.647 2.65 
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parallel to the surface of the weir, or nearly so. Raising the surface of the 
tailwater had no effect on any runs until the point of parallel flow was shifted 
from the position it had with the tailwater down. Hence, the formulas can be . 
used where some of tle head is being regained by raising the tailwater. 


ACKNOWLEDGMENT 


The experiments upon which this paper is based were originally started at 
the Experimental Engineering Laboratory, University of Minnesota, Minne- 
apolis, Minn., under the direction of Lorenz G. Straub, Assoc. M. Am. Soe. C. E. 
Later experiments were made in the Hydraulic Laboratory at the State College 
of Washington, Pullman, Wash. Other sources of information are cited by 
footnote references in the text. 


APPENDIX 


The following notation conforms essentially with American Standard Sym- 
bols for Hydraulics,* compiled by a committee of the American Standards 
Association with Society representation, and approved by the Association 
in 1929, 


A = area of cross section; AA = increment of area; 

b = breadth; 

C = coefficient; Ci = L Ht; 

d =depth of flow; d’ = depth perpendicular to the bottom slope; 
de = critical depth; and di, dz, and d; are as shown in Fig. 3; 

F = pressure-plus-momentum force; 

f = sum of all friction forces; 

G = gravitational force; AG = increment force; 

g = acceleration due to gravity; 

H = hydraulic head; 

K =a constant = ae 

L = length; 

1 = length of a filament of water; AJ = increment of length; 

m = mass; 

P = total pressure; P; and P, = total hydraulic pressure on the cross 
sections at points 1 and 2, respectively; Pw» = force due to water 
pressure on the weir face; 

p = unit pressure intensity; 

Q = rate of flow; 

q = rate of flow through a unit cross section; 

t = time; 

V = velocity; V’ = velocity of a given point, in the direction of Al’; 

w = weight of water per unit volume; 

@ = inclination of a water filament with the horizontal; also, 6 = slope 


of the bottom of the channel. 
6A. S. A—Z10b—1929. 
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NORRIS DAM CONSTRUCTION CABLEWAYS 


By R. T. CoLBURN,? M. Am. Soc. C. E., AND L. A. SCHMIDT, JR.,? 
Assoc. M. Am. Soc. C. E. 


Synopsis 

The development and application of thrust-wheel type traveling cableways 
and the detailed features of design at Norris Dam are here explained. The 
design features were checked under field conditions by tests which are described, 
analyzed, and compared to the design figures. In general the tests check the 
original computations closely, but in some instances they pointed to opportuni- 
ties for further study and precautions to be used in the application of theoretical 
formulas. ; 


PRELIMINARY INVESTIGATION 

Norris Dam was the third construction project to use heavy duty cableways 
supported on traveling towers specially constructed to take the horizontal thrust 
entirely through a set of horizontal thrust wheels. The first was the Madden 
Dam in Panama, with a span of 1,325 ft. Soon after that successful use, three 
similar installations were made at Hoover Dam, with spans ranging from 1,365 
ft to 2,575 ft. 

Previous to these installations, when traveling type cableways were used 
the towers were usually mounted on the heaviest kind of railroad trucks, and 
the entire horizontal thrust was carried on the wheel flanges. As greater 
projects were undertaken, loads were increased and larger sized concrete 
buckets were used, requiring an increased number of vertical wheels to support 
the towers and to carry the horizontal thrust. The excessive flange loads 
caused a great many broken axles, and shutdowns while repairs were being 
made, with additional expense. The numerous axle failures on the Owyhe 
Dam cableway were typical of this experience. 

For the Norris Dam operations 6-cu yd concrete buckets were contemplated. 
With a cableway span of 1,925.5 ft, this load would cause a horizontal thrust on 
the towers of more than 200 tons, which is too great to carry on wheel flanges. 
A thrust-wheel type tower was clearly indicated under these conditions. To 
handle concrete in smaller buckets would have required a slower construction 


Nore.—Written comments are invited for immediate publication; to ensure publication the last 
liscussion should be submitted by April 15, 1940. 

1 Constr. Plant Engr., TVA, Knoxville, Tenn. 

2 Designing Engr., Constr. Plant, TVA, Knoxville, Tenn. 
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schedule, and the cost of placing the concrete would have been correspondingly 
higher. The two Norris Dam cableways together placed 1,005,000 cu yd of 
concrete and handled more than 68,000 tons of other materials during the con- 
struction of the dam. 

The topography on each side of the river was such that runways could be 
built economically. The right bank of the river facing downstream was a 
rocky bluff, sloping about 45° with a suitable location for the head-tower run- 
way about 105 ft above the roadway on top of the dam. The center part of 
this runway was a rocky shelf which was excavated from the bluff and which 
sloped off at the extremities, necessitating the use of a heavy steel trestle at 
each end of the runway. The tail-tower runway on the left bank was con- 
structed entirely on earth fill. The topography.permitted this fill to be built 
to the same elevation as the roadway on top of the dam, and later to be used 
as part of the permanent access road. 


Endless Conveyor inhay} "0 
Hoist 3" p 


Control Cab 


158 3 
Counterweight 
Button~,| 


| =} 780,000. || 
>Counterweight 


K--——IConcrete| Aw 


Top of rail ey 


; Earth fill rolled in 8" layers 
55'-0" 


HEAD TOWER 


TAIL TOWER 


Fic. 1—Dersten Deraits oF THE TownrRs 


| 
The thrust-wheel type cableway (Fig. 1) permits the entire horizontal thrust | 
to be placed on the back side of the runway; whereas, on the vertical flanged- 
wheel type, as much as 80% of the thrust is taken by the front edge under full 
load. The use of thrust wheels at Norris Dam permitted the earth-fill runway 
at the tail tower to be built 10 ft narrower than the conventional type would 
have required. At the head tower (Fig. 1), it would have been dangerous to 
permit thrust on the front of the runway, first because this was directly on the 
edge of the bluff and especially because of the trestles at the ends. For these 
reasons, towers with horizontal thrust wheels at the back of the runways were 
chosen. : 
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This type of design later proved its effectiveness when a cave-in occurred 
under the head-tower runway. It was conceivable that at this time one of the 
cableways might have been damaged considerably had not the horizontal thrust ° 
been transmitted to the back of the runway where it was solidly anchored into 
the hill. The runways were constructed so that all concrete in the main dam, 
the power house, and the apron could be placed from the cableway. The only 
place that was inaccessible was the small section of core wall which passed 
under the tail-tower runway on the left bank. This yardage was small, and 
special provisions were made for it. 

Before the final decision was made other methods of placing concrete were 
also considered but these were found to be neither as economical nor as prac- 
ticable for this particular project. The following advantages seemed to justify 
a cableway installation: 

1. Clear access was provided to all parts of the work at all times without 
the inconvenience of trestles and derricks. 

2. A hoisting capacity of 18 tons was available everywhere on the job from 
each cableway, and a load could be transferred easily from any part of the job 
to another. Loads up to 50 tons could be handled by using the two cableways 
and taking special precautions to avoid impact. ; 

3. The penstock sections, power house steel, drum gates, roadway bridge, 
form panel assemblies, and other miscellaneous equipment could be transferred 
and set in place without making special derrick set-ups or other special 
provision. 

4, The short span and favorable runway topography brought the cost 
within economic limits. 


DESCRIPTION OF PRINCIPAL FEATURES 


General.—Kach of the Norris Dam cableways was designed for an 18-ton 
normal hook load and a 25-ton maximum load under reasonable overload con- 
ditions. The main features consisted of 
a track cable supported at each end on 
structural steel traveling towers (Fig. 1). 
The span, center to center of pins, was 
1,928 ft 05 in.; and center to center of 
back tower legs, 1,925ft 6in. The hoist- 
ing speed was 300 ft per min; lowering 
speed, 400 ft per min; carriage travel- 
ing speed, 1,200 ft per min; and tower 
traversing speed, 50 ft per min. Table 
1 gives a summary of the principal phys- 
ical data. 

Main ®Track Cable-—The 3-in. di- 
ameter locked coil cable (Fig. 2) was 
socketed at both ends with roller-bear- Fie. 2.—Cross Suction TuroucH 3-In. 
ing swivel sockets. At the head-tower Sn 
end the bearings were seated against a cross-bar which closed the open end of 
a heavy U-bolt, the closed end of which bore against the main pin in the tower. 
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Main hoist: Three-drum; all-electric; hoist drums, 49-in. diameter by 44 


NORRIS DAM CONSTRUCTION CABLEWAYS bz apers 
TABLE 1.—Pauysicat Data; Norris Dam CaBLEWAYS 
(a) Towers pet mes 
aVerht.of frammye, in tons. 2 is on 05 = oan aoe ea eien = ae 126 130 
Total weight (exc! usive of counterweight), in tons..................- 227 180 
Weaphtiar conterweight i tans =. -)...45 3 3/6 deans oe ee Es 390 445 
Vertical height from track-cable connection to track, in feet........... 75 110 
ce, Center to Center, of Trucks, in Feet: 
ParnMel to track. © .. = oo 32 5. Soe = So peete eee seen ate eee 32.05 38.05 
Perpendicular to track.c i"... 202. See eee ee eae nae eee 37.50 55.00 
Counterweight Blocks Coach Block): 
Srmensions, in feet. o..<.-... 2. vac ves -Joe se ete See nie eee ee 10 X3 X2)10 X3 X2 
Average weight, sn tong -.<5.—- = incense eceast abn = sa eee ee 4.5 4.5 
(0) Trucxs Main Thrust 
Number: 
‘Tracks per tower == 5 2 io < ss co. sens cose as nace doco oa. ce eee ee = 2 
Deuble-flangs wheels per truck. 555 20 en6 She) sas aah coe eee 8 4 
Diameter of wheels (double flange), in inches...............-.------. 27 24 
Weight of rail, in pounds per yard). - ore eae 9c amas seen ae nee 131 131 
ce, center to center of truck wheelx, in feet: >. 1 oe See 4.96 3.00 
Diameter.of wheel axles, in inches. —.. 5-2-5. sass it one =~ 55 be cde 7 5.44 
Wateht per truck, in fons. 50. 46.0 2 sone nd eos esse ene Hee ee ee 9.1 2.6 
(c) Carntace, Fatt Biocxs, anp Fatt Rors Dimensions 
Total weight, an onal... 2s. Sink alesse bo meee aa <n'eiees aeplesnn tees li 
Carriage Sheaves: 
Ly iar oe ee es a ane Co nee sae eo enn ae 12 
Tread diameter, in inches.......... 24 
Number of hoist-line sheaves 4 
Tread diameter of load-line sheaves, in inches..................-. 35.01 
Fall Block: 
Nairn ber ak RNC VOR = a ocala el sla aielaia emerge a= ann ia ale alae ee 2 
sbread ‘diamober, in Meheas oats . -es kooks <a> plage ae ees 44 
Papacy of Rogk an tons. 2G Son or kt ten scn = oe Aten oa J ee ee 25 
Number of parts on. fall tine... oo. 22. - ess 22k s sae sone eee 4 
Diam- 


(@ Heap-Tower Macsinery 


in.; endless drum, 45-in. diameter by 44 in., with removable spool, 
52 in. by 20 in.; nominal capacity, 18 tons®i. 2222 2 708. Seorsecer: 
Weights of Hoist, i in Tons: 
Endless drum 


pla 
Main hoist motor: 4Q0-hp, 2,200-volt, three-phase, 60-cycle, 600-rpm, 
wound-rotor, induction motor; total weight (with bed plate), in tons. - 
Air compressors: Two compressors per head tower; capacity, 50 cu ft per 
min; each driven by an 8-hp, 440-voit, three-phase, 60-cycle, motor; 
total weight (two compressors and receivers), in tons..............- 
Air receivers: Two == ed tanks, bell ends; capacity, 24 cu ft; 24-in. 


Miscellaneous ween in Sree 

Electrical equipment, head tower........-..--.+------------+- 

Electrical equipment, tail tower...........--.-..--.-.. ame 

Sheaves on top of head tower.............--- 0-000: 

Sheaves on top of tail tower...........-...-.-- 
Track cable: locked coil (weight in pounds per foot)*. 
Endless cable (diameter in inches and length in feet) . 
Hoist cable (diameter in inches and length in feet)... 
Button line (diameter in inches and length in feet) . 
Take-up cable (diameter in inches and length in feet, 
Traversing Cable a in Las and Length in Feet) 

‘ail tower . 

Head tower. 


OO 


sar ese 


* 3-in. locked coil; distance between sockets, 1,900 ft. 
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At the tail-tower end, a similar arrangement was used except that two eye-bolts 
were used instead of the U-bar. The eye ends of the bolts were connected to 
the track cable take-up through a pin. The roller-bearing mountings permitted | 
the track cable to be turned so that the wear would be distributed evenly over 
its entire circumference. When the loaded bucket was being transported the 
carriage was not run closer to either support than 140 ft, but when the hook 
was empty the carriage was permitted to approach close to either tower. 

The take-up cable for the track cable consisted of a 13-in. regular lay cable, 
dead-ended to the top of the tail tower (Figs. 1 and 3). This cable passed 


4EAD TOWER TAIL TOWER 
_———— 


Outhaul~, No. 34 
aes 


Carriage Tie 


Ss Button Rope~, 
, Main Cable— 


Outhaul~ Take-up~ ‘No. lay 
Tie-off at Base 
=— 


Outhaul—, 
To Counterweight 


H ———— ae 
=| 5-b Head Tower -a. Head Tower \\ <= Te 
3 Conveyor 6.5 Tail Tower = Tail Tower \ —F Tie-off at Base F 
c Drum i . == 
“V{ Hoist i b = 
Drum Downstream End Upstream End Load </ a ca 
Spare TRAVERSE ROPE Dead End ~ 
Drum DIAGRAM ARRANGEMENT OF PARTS OF 
MAIN HOIST IN Showing Location of Tests MAIN CABLE TAKE-UP 
HEAD TOWER (Four Part Line) Showing Location of Tests (10 Part Line) 


Fie. 3—Rorz Diagram. NuMBERED AND LETTERED Points SHow Location or TEsts 


through a series of sheaves forming a 10-part line, then back over a sheave in 
the tail tower and down to the base of the tower where it was made fast. The 
take-up was fastened to the tower by a main pin and attached to the track 
cable at the other end, as previously described. The sag of the main track 
cable, 0.055 of the span, was maintained within 5% by means of the take-up. 
Operating Cables—The endless cable, also called the conveying cable, was 
of 1-in, diameter plow steel. In the original installation regular lay was used 
which was later changed to flattened strand due to excessive wear on the con- 
veyer drum and the cable. This cable (Fig. 8) is what its name implies—a 
continuous line fastened at both ends to the carriage. One part of the cable, 
called the ‘“‘outhaul” cable, was attached to the front of the carriage; it passed 
over two sheaves in the top of the tail tower, then spanned the entire distance 
to a sheave in the top of the head tower, then down to the conveying drum on 
the hoist where it made four and a half turns around the drum. Continuing 
back up to a sheave in the top of the head tower and out to a dead end on the 
rear of the carriage, this other part is called the “‘inhaul” cable. Rotations of 
the conveying drum moved the carriage back and forth on the track cable. 
The hoisting cable was of 3-in. diameter improved plow steel. This cable 
(Fig. 3) was dead-ended on the carriage, passing through the sheaves on the 
carriage and hook block to form a 4-part line, from which point it was returned 
over a sheave at the top of the head tower and thence to the hoisting drum. 
By turning the hoisting drum the load was raised or lowered. The hoisting 
and endless drums were geared together so that when the carriage moved back 
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é 
and forth on the track cable the load remained at the same elevation—it was 
impossible to hoist and convey at the same time. 
The button line consisted of a ?-in. cable dead-ended on the tail tower, 
spanning across to a sheave in the head tower. After passing over this sheave, 
the cable was counterweighted with a concrete block weighing approximately 


Roller Bearing Sheave Roller Bearing Sheaves Roller Bearing Sheaves 
152" 0.D.— 102'T.D. _ Roller Bearing Sheave (us 0.D.— 24" T.D 157" 0.D:—105" T.D. 


163" 0.D.— 12" T.D. 


rr Button Line 


N18 Connection 


hue Inha 
3 Rollers 


Roller Bearing Sheaves 
393" 0.0 — 383 T.D 


Under Carriage Shown 
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—Note— \\ | 
0.D.= Outside Diameter \ \ / 
T D =Tread Diameter \\ 


Giese 


Fall Block f 
i Sheaves 48"! 0.0-44!' T._D. 
2 Timken Roller Bearings 


3" Pin 


Fig. 4.—CarriaGp ASSEMBLY 


6,000 lb. At regular intervals throughout the span buttons were fastened to 
this cable. These were so located and were of such a size that each one inter- 
cepted a carrier as the carriage passed alongthespan. These carriers supported 
the hoist cable and inhaul cable, eliminating deep sags or slack in these lines. 
Originally the design of the cableway called for another operating rope for 
dumping the bucket from the cableway tower. An extra drum in the hoist and 
extra sheaves in the carriage were provided for this purpose; but this method of 


. 
. 
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dumping was considered too dangerous for continuous service because it would 
have been possible to dump a bucket of concrete accidentally in mid-air. 
Therefore, use of this cable was abandoned, and the extra drum was used in- 
stead as a spare hoisting drum. These various ropes adjacent to the towers are 
shown in Fig. 1 and their relations to the operation of the cableway are indi- 
cated diagrammatically in Fig. 3. 

Carriage.—The carriage (Fig. 4) was made up of two sections, the main and 
the auxiliary carriages. Each section was supported on six 24-in. diameter 
roller-bearing track wheels, equalized to provide as nearly as possible equal 
loads on the track cable. The carriage supported a hook of 25-ton capacity 
mounted on a swivel bearing on the fall block which contained two 44-in. 
diameter sheaves mounted on roller bearings. Each section of the carriage 
supported a sheave to carry the hoist line. The reason that these sheaves were 
placed separately in each carriage, instead of side by side in one main carriage, 
was two-fold: (1) This arrangement spread out the load in such a way that more 
track wheels could be used, thus reducing the maximum wheel load on the track 
sable; and (2) it provided a means of preventing the hook and fall block from 
twisting. Thus the bucket always faced the same way without spinning. 

At the rear of the main carriage a carrier horn was provided (Fig. 4) to | 
support the carriers, which in turn supported the operating ropes when the 
vartiage was away from the head tower. The auxiliary carriage was hung from 
she track wheels on hangers so that the sheaves could be swung backward and 
orward and locked into position to permit adjustment which would change the 
oosition of the resultant load and allow better equalization on the track wheels. 
Lengthening the 1-in. tie between the carriages, as might be necessary in deep 
sanyons, would require this adjustment. 

Towers.—The head tower, shown in Fig. 5, was of heavy structural steel, 
‘5 ft 0 in. high supported at the four corners by spherical bearings mounted on 
-wheel trucks designed to equalize wheel loads (Fig. 6). The horizontal 
hrust was taken by two 4-wheel trucks placed at the rear corners of the tower 
shown in the foreground of Fig. 6. These wheels were 24 in. in diameter. 
Che floor framing was designed to carry the machinery loads, comprising the 
1oist, hoist motor, traversing motor, air compressor, and electrical equipment. 
Che side framing on the lower panel consisted of & steel truss designed to carry 
he floor loads, the bottom chord extending beyond the back of the tower to 
orm a bracket for supporting the thrust wheels and to provide a platform for 
he counterweight (Fig. 6). 

It will be noted that the entire lower part of this tower was covered with 
orrugated iron housing. The top supported the main pin holding the track 
able, and also the sheaves for the endless, hoist, and button cables. Near the 
op was a platform for servicing the carriage and the various sheaves. It ex- 
ended 25 ft each side of the center line and, from its ends, messenger cables, 
n which 1,000-watt electric lights were strung for job illumination, spanned 
he valley. The control house, about halfway up the tower, was high enough 
or the operator to have a clear view of the entire work with the possible excep- 
ion of part of the loading platform just below the near bank. 
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The tail tower (Fig. 1) was of similar construction except that the floor loads 
were much lighter. It was 110 ft 0 in. high. The only machinery in this tower 
was the traversing motor and winch with its attendant electrical equipment. 


Fie. 6.—Dnraits or Turust Rat anp Baut-anp-Socxer Truck CONNECTION 


Counterweights—Counterweights on these towers, shown in the photographs 
rested on two 36-in., 192-Ib beams, supported on a bracket made by an extensior 
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of the bottom chord of the truss, located at the rear of the towers. These coun- 
terweights differed from some installations because they were made up of 
individual concrete blocks instead of solid blocks poured in place. It was 
expected that these towers would be used on future projects, and accordingly 
an easily removable counterweight was desirable. The head-tower counter- 
weight consisted of 84 blocks with a total weight of 780,000 lb, while that for the 
tail tower contained 96 blocks weighing 890,000 lb. 

Main Hoist.—The main hoist consisted of three drums. It was driven by a 
400-hp heavy-duty, wound-rotor motor. The conveying drum lagging was 52 
in. in diameter and provided space for several turns of the conveying cable. 
The hoist drum and the spare drum were each 49 in. in diameter and were 
grooved for #-in. cable. The spare drum was permanently connected to the 
hoisting drum so that the brakes and frictions of both units could be used, thus 
giving an added safety feature. Heavy-duty service brakes of the band type 
were provided on each drum for operation in either direction. The brakes were 
capable of sustaining the load under all conditions of operation, including inter- 
ruption of power supply. Regenerative braking and provisions for motor 
plugging served to restrain the lowering of heavy loads. Hydraulic, motor-oper- 
ated, emergency brakes, which were power released and spring set, were also 
provided on the hoisting motor for operation in case of power failure or over- 
speed. 

Electrical Hquipment—Both head and tail towers secured their respective 
power requirements from 2,200-volt, three-phase, 60-cycle trolleys which ran 
parallel to and at the rear of each runway. Suitable trolley collectors. were 
mounted on a trolley arm as shown in the upper right of Fig. 6. 

The incoming line from the trolley arm of the head tower connected through 
disconnecting switches and terminated on the incoming line panel. This panel 
consisted essentially of an oil circuit breaker together with outgoing terminals 
for feeding the primary side of a bank of three 25-kva transformers and main 
hoist primary panel. Terminals also led from the 440-volt secondary side of 
the bank and, after connecting through protective devices, fed two air-com- 
pressor motors. 

The main-hoist primary panel consisted of a magnetically-operated reversing 
switch with protective devices and outgoing terminals for the main-hoist motor. 
The maximum running torque of this motor which drove the hoisting and con- 
veying drums was 400% of the 400-hp rating. Each of the three hoist drums 
was equipped with solenoid valves for operating the brake and clutch. The 
hoist control was so arranged that under normal operation, with the motor con- 
nected electrically to the power lines and the drums clutched to the motor shaft, 
the speed of the motor would be automatically reduced by regenerative braking 
if the operator allowed the lowering speed of the load to exceed a certain limit 
as determined by the setting of the overspeed switch with which the hoist 
motor was equipped. The secondary panel for the hoist had a number of 
magnetic contactors for cutting in or cutting out resistance in the rotor circuit, 
Rectifiers provided direct current for the coils of the solenoid valves and the 
accelerating relays of hoist and travel control. 
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The traversing motor was similar to the main hoist but operated at 75-hp, 
900 rpm, 440 volts, with a maximum running torque of 400% of the 75-hp 
rating. It was controlled by the traversing control panel which consisted of a 
magnetic reversing switch, with protective devices and contactors. Power was 
supplied from the 75-kva transformer bank. The traversing motor was pro- 
vided with a thruster brake, and when the motor was de-energized the brake 
set, thereby bringing the tower to a standstill. 

Master controllers were provided for both head and tail towers in the con- 
trol room of the head tower, thereby giving the operator complete control of 
both towers. Limit switches regulated travel of the tower in each direction, 
and prevented skew operation between the head and tail towers beyond a certain 
limit. The tripping of one of these switches resulted in disconnecting power 
from the traversing motor and the application of its brake. A separate trans- 
former supplied power for lighting in the head tower. 

The electrical equipment in the tail tower was similar to that of the head 
tower, except that only the incoming line panel and traversing control panel 
were provided. Either tower could be moved at the will of the operator in the 
head tower. An overhead control cable connected the head and tail towers. 


OPERATION AND MAINTENANCE 


Method of Operation.—The system of operation of these cableways is com- 
monly known as “‘full-view operation,” as distinguished from “blind operation.” 
The operator in the control cab (Fig. 1) was able to see all the work and observe 
the performance of the cableway in handling its load. He also had the further 
advantage of seeing the tail tower. All operations were by remote control from 
the cab on the head tower. 

Instructions from two signalmen were received by telephone through a 
loudspeaker in the cab. One signalman was at the loading point to control the 
loading and dispatching operations and the other at the unloading point. All © 
three men were in two-way communication at all times. Every operation was — 
ordered by a signalman and the operator took matters in hand only in emergen- _ 
cies. The value of the visual control system in preventing serious accidents © 
was demonstrated several times on this job. 

Mixed concrete was brought to the cableways in transfer cars, running on a 
standard-gage track extending the full traverse of the cableways, and thence 
was dumped into cableway buckets resting on a loading platform which ex- 
tended the full length of the transfer tracks. This arrangement permitted the 
buckets to be filled at any point along the cableway traverse. Each ear, carry- 
ing 6 cu yd, required from 18 to 30 sec to dump, depending upon the slump of 
the concrete. 

For delivering concrete a bucket of special TVA design (Fig. 7) was carried 
on the hook continuously. It was a bottom-dump type, weighing about 7,000 
Ib. Its capacity was 73 cu yd, and normally it carried 6 cu yd of concrete. 
Particularly noteworthy is the fact that the entire bottom of this bucket drops 
away for quick emptying. 

To cause the filled bucket to swing clear of the transfer tracks the carriage 
was run a few feet toward the tail tower just before hoisting. The bucket was 
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then hoisted high enough to clear all obstructions and the carriage was run out 
to a spot over the point of deposit. There the carriage was brought to a stop so 
as to eliminate swing of the bucket. After lowering and dumping, the bucket ; 
was again raised to clear obstruc- 
tions and the carriage returned to 
the head tower. This cycle could be 
completed to any spot within range 
of the cableway within 4 min. At 
close range, it was possible to effect 
a 2-min. cycle. Operation of the 
two cableways, 3 transfer trains, 
and 3 mixers were coordinated by a 
dispatcher stationed in the mixer 
plant, making it possible to supply 
concrete of different mixes at differ- 
ent points at the same time with 
very little difficulty. 

During peak production, four 
crews worked five and one half 
hours each, although the cableways 
operated twenty-three hours per day, 
one hour being taken at noon for in- 
spection and greasing. In addition 
to the general cableway foreman, the 
normal operating crew necessary for 
two cableways was as follows: Two 
operators each shift, one head-tower 
oiler each shift, one tail-tower oiler 
each shift, four signalmen each shift, BN ae ee een Ym eae eae 
one foreman 8 hr per day, and one 
foreman 6 hr per day. The foremen acted as spare operators when necessary. 

Most of the operators had had previous cableway experience before their 
employment at Norris Dam. The signalmen and the oiler in the head tower 
were riggers who showed special ability at their respective jobs, and the tail- 
tower oiler was a semi-skilled laborer. Each of the foremen was a former 
operator. : 

At first the 6-yd square buckets were not satisfactory because several men 
were needed todump them. Air operation of the dump was devised because of 
the speed and saftey, and this was used successfully throughout the job. 
Considerable study was made to lessen the ‘‘bounce”’ of the bucket when it was 
dumped. Finally an inverted V-shaped baffle was installed across the center 
of the bucket which slowed up the discharge sufficiently to reduce the ‘‘bounce”’ 
to a minimum. 

Cable Maintenance —The largest recurrent repair item was replacement of 
the operating cables. Whenever possible, this was undertaken on Sundays, but 
in many cases changes had to be made during normal working hours. At first 
these changes took considerable time, but later they could be made in an average 
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of one hour for button or hoist cable and three hours for endless line. Cables 
were inspected and greased each day during peak operation but later they were 
inspected every second day and greased once a week. While this maintenance 
and replacement could be made with four riggers, often more were used to speed 
up the operation. These men formed a separate rigger crew and were used for 
all similar operations on the job. 

The track cable was turned one eighth of a revolution about its horizontal axis 
every six weeks to present a new rolling surface to the carriage wheels. At first 
the button lines failed because of excessive wear just in front of the buttons, 
apparently caused by the slack carrier rebounding after striking the button and 
hitting the cable. This was overcome to a considerable extent by slipping a 
pipe sleeve about 18 in. long over the cable in front of the button. 

When both the cableways had operated a total of 16,947 hr the record of 
cable replacement was as given in Table 2. After the cableways had been 


TABLE 2.—ReEcorp or CABLE DURABILITY 


. Number | Operating | Material cost per 
Cable Size and type replaced | hourseach| operating hour 

Butt 34-in. regular lay 10 534.3 $0.591 
pen 34-in. flattened strand 5 1,586.8 0.286 
"  indless 1-in. regular layt 7 1,149.3 0.795 
1-in. flattened strand 4 1,467.6 0.888 
Hoistin Y-in. regular lay 16 887.8 0.519 
e 7-in. flattened strand 1 806.5 0.851 
Traversing (new only) -in. 6 by 19 regular 6 1,936.0 0.333 
Take-up is = 6 oe i regular Z Beene 0.053 
* ith regular lay 567. 0.577 
Endless drum wearing plates* (With flattened strandt 2 2,478.6 0.129 


: * Partial record. + Does not include one cable that broke after 86 hr of service. + Note the 
increased life of the wearing plates with the use of flattened strand. 


operated for a sufficient period, discarded endless and hoist lines were used to 
replace worn traversing cables. 


TABLE 3.—QuvuantitTigs or MarsriaL, OTHER THAN CONCRETE, HANDLED 
BY CABLEWAYS 


jee Material In tons 
1 Construction -maebinex yoy 5 Kile :nvsiack oye cncratel aes ia’ «cleus: ahs slplneiedelstaccteyeuste Gian inne aeeas 210 
2 Dam iclosure-operstrom’ 21s ...cSele se ictete ae hie ere seeder yates ee suelo ce lat sheatestevake Mihara eat erate 223 
3 Dismantling concrete; No./3: cofferdam. sip jeyiuis oc vk ove ae Nettie) ddinne (elo srets eyeeee One 3,850 
4 Drum-gate steel and ma obinery.cis ob seb sci aos or vn oe adie ose eas 70) 8) 0 rove caters fo seie Pe ee 680 
5 Bircavation si. <2 1 e8s, ORK onset ttle easel e als Bre Lael oe aoe Ta Ree 22,500 
6 orm hoiste « stderc «create tein lamlessg- (cutters niok syst rk Pe ele notes oldie ron aioe ne 11,250 
7 Borm lumber 32331. 5.5: cust cent Ri Sale micievcie tethers stabs aes flone aps crea vfelalovee eiphw™ete bie ete tere worse 3,400 
8 Growt comienits x; 27.4. hercte teenie ere disie casita waa ax exsvaga tetolads Lele, wveiale tesa akc) aer eer ek (oan ae 4,840 
9 Penstoel:stedl |. WAv. thse «lon mterecetinicu = are Meee mene ete alec cisters Mierels 6 atte eeaicta eves Jey Reta 586 
10 ine, conduit, eter: iis. sic ctsas neyo ein snk eas ste eae ds sa ee etna eek ar ee 500 
11 Power house permanent equipment. scant cee rics + bi dtlecse sine e cvsteete te otcicte cies shetewene 1,760 
12 Power house structural steels. . is aicaje msec oce}-risippaiejdh ale vefus Oe uel ay bole tree eng Cee eee 810 
13 Meinfoneing Steel's, oe syieks ctes cme’ oe oiete tes 5 abere wxercishart eas tolennatelmese oepcbulers xe ere aera 2,800 
14 Riprap) east embankments. 14d, csc/svstemtesayeua setae aewaun) te elorefalepelemerelate eltsate sponta RRraR 8,190 
15 Road material and maintenance............ SU OOOO hy Sr eyes Moe bts 875 
16 Spillway bridge steel.................. VON COM OT pene to sanemtoas sa adre 7 of Sy) 375 
17 Spillway tube gates, castings, and operating equipment.............-...++-e+e0- 1,087 
18 Pale and ‘rouk foridrains'.(5:scije ae sine s eda metal eal Gist alehee ML aKh ae oe re eeeare eee eee 900 
19 Simber cribs forjcofferdams'..:5, o-2,1 415 fo Voe Seas oe Sheo la mtd) Reviage A eee ee eee 4,375 


20 ‘Aractor gates.and! operating machinery< i020 o5 csc ek veto cae eseciectvsc cls lease 
21 PLPABRTAGK: SEEN 52/'y <15:5:a; sue tebousastcbavs aisle gite dua'h ie sate tetera tects alee lete, Cacao te eit ieee 575 
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Performance.—Until April, 1936, which was practically at the end of con- 
ereting operations, concrete had constituted about 2,000,000 tons or 96.96% of 
the tonnage moved by cableway. The estimated tonnage of other equipment 
and materials handled is as given in Table 3. 

Material which came in by truck was unloaded at a road which extended 
to the base of the dam next to the power house on the left bank of the river. - 
For such unloading the cableways traveled downstream from the dam. Since 
the carpenter shop was located within the range of the cableways, forms built 
there could be moved directly to the point at which they were to be used. 

The maximum placement of concrete in a single month was 92,780 cu yd for 
both cableways in April, 1935. In this period the average hourly placement was 
157.3 cu yd. The maximum 24-hr placement was made on January 7, 1935, 
when 4,090 cu yd were placed for an average of 170.4 cu yd perhr. The maxi- 
mum rate in a single shift was made July 10, 1985, when 1,445.8 cu yd were 
poured between 4 p.m. and 12 p.m. for an average of 180.7 cu yd per hr. 
Under perfect conditions one cableway placed 162 cu yd per hr, but normally 
the continuous rate was limited to approximately 120 yd per hr. 

Three 3-cu yd concrete mixers, each operating on a 3-min cycle, limited 
concrete placement to 180 cu yd per hr. It was the practice to stagger the time 
required for handling other material such as lumber, reinforcing steel, or forms — 
by the cableway throughout a shift, because one cableway could be spared for 
short periods and return to clear the accumulated concrete from the loading 
track without delaying the mixing plant. The same condition was encountered 
in changing from one form to another. One cableway carried more than its 
share of the concrete until the crew which had changed to another form was 
ready to begin placing at the new location. 

In summary form, Table 4 indicates the quantities of concrete and other 
materials handled. As noted, delays amounted to 9.3% and 10.9% of the gross 
operating time for cableways Nos. 1 and 2, respectively. During the period 
covered by Table 4 each cableway consumed an average of 66.2 kw of electricity 
per gross operating hour, exclusive of lighting. 

Dual Use of Cableways.—Although each cableway operated separately under 
ordinary conditions, both were used for placing loads in excess of the capacity 
of one cableway but within the combined capacity of both. This arrangement 
was used to place the following material: 


Material Weight, in tons 
16 penstock sections, 20 ft in diameter by 20 ft long. .36-40 
2 power house crane girders, 62 ft 3 in. long........ 33 
Ifgenera tor TObOhbe cus dems serait keane ets 35 
8 generator stator frame sections................. 30 
2.:turbine water wheelseuatimuis saee ae aa eden es 51 


6 spillway bridge girders, 107 ft long, 7 ft lin. deep. 40 


As an example of how heavy loads were handled by two cableways, Fig. 8 
shows a 40-ton bridge girder being carried from a trailer at the concrete- 
loading platform to its final position over the spillway. For this work a 36-in., 
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175-lb lifting beam, 29 ft 64 in. long, weighing 6,800 lb, was used. At each 
end 6-in. by 1-in. bars were fastened to engage the shackles from the cableway 
fall blocks. At the center a 4-in. eye-bolt, with a nut swiveling on a roller 


TABLE 4.—Norris Dam CaBLEWAY PERFORMANCE JULY 17, 1934, ro Aprin 


1, 1936 
Description Retleney ee Total 
(a) Time Oppratep, In Hours 
1) oy ofc fa Belts OA See an ee Se, SO aero ee Le avo rere oe 14,496 14,399 28,895 
WL Te MT iol: apciells Sik ee wi o\6 sua tese Sinaia cleus peor ayaleti etal ara 3,713 4,243 7,956 
UORBVOPOLALIN & 5.513 0)-/0)-feishsie’ 3.035000 saceadhaiaisl eee tebe el tee aos atetass 10,783 10,156 20,939 
Delays 
Mechanically 34...<5<.', es) astecays vars lel ater anibeye ate easacke mine teeratstatete 285 374 659 
Cable replacement. ..4-4.1tnoalgin deee oats a Seti. HE OER 147 120 267 
BWVATINE Sn. Soak .. sce Sayer Re eee Pe yal dees Ane OS 390 438 828 
Maintenance. js. oats isc) ass eng eps hh beae Hs ave eee ee 176 175 351 
Motel ti cusF 3055 lds sheasplons 2S ce ea pee eee oe eee 998 1,107 2,105 
Netioperatings 0.0. 5.°5. 3. 352. Sens le reebok Mraeras aes cota 9,785 9,049 18,834* 
~ Placing Concrete 
DUD EUIAISR ps 5-) sues ahs sheik a ahatesfes atk peters legate as erate anal e ane nae 6,774 5,451 12,225 
Power house): © os¥.-+2 2420 ee ae tas ecner eens Oita 230 387 617 
GBOTeL WALL: series tage ntiralcl(earratiegs) Sean ER ater vel cages ord 229 154 383 
Maiscellangonse. oe Sig oo sds no tebe are muntmreament ke 62 93 155 
PUG eae ¥S cau 8a arse deisel Rho v: Gata rel MOM aR CRT ee RA MTS a 7,295 6,085 13,380 
ROVE OURST WOLKE so orcs», spies apn oiai si Atay apne Miay otek tek we alee) ate Ok 2,490 2,964 5,454 
(b) Quanrir1ps HanpLED 
Concrete, in Cubic Yards 
DD Deals, ie 5 pes ia: sue cara Stara aiphar sway ohaper's eis! Arar tvk. deel ess ieee ME av 555,460 408,011 963,471 
Power mouse a. S.74 3. 5.4 ee eee et aoe ee cone 12,485 11,482 23,967 
CORNER GS Seen rit ad terons tne Oh earn moeride stom) 8,292 2,845 11,137 
Miscellaneous: ais %\. aibaciget clade cide ieke wie eae net cami te 1,603 4,752 6,355 
Total concrete......... Faire sth oe a Re BE 577,840 427,090 1,004,930 
Othe works, am tons. sail svt aie dene cates ele Soe atin Siar 35,010 33,272 68,282 
Concrete in Cubic Yards per Net Hour E 
TTR sears aa bio, 8 castes <i sisyeld gp wis oops ae RN Tard A Pa ne oe e 82.0 74.9 156.9 
BROW OR DOMSE sis rc.a tes fo her tio: 5 cp aersl sae tene yal d AOR mae P RE It 54.3 29.7 84.0 
OLS WALL ena We gape emis u paetoei no wae nee 36.2 18.5 54.7 
Miscellaneous............-.. 25.9 51.1 77.0 
IAVOTAQS LOL iFll GOMCTELE,, « «cic clase mys) nisvaia’ axqunlele uw aie Opes Bye lo ey 79.2 70.2 149.4 
Other work in ‘tons per net hour. 2. os. gacce sedeo teen 14.1 11.2 25.3 


* The total net operating hours at the close of the job was 20,918. 


bearing, turned in a bolster which was clamped to the beam with four 2-in. 
rods. In order to strengthen the beam against lateral deflection, four 1-in. rods 
trussed the top and bottom flanges. 

A 30-in. pendulum, with a target, was attached near the center of the beam 
to assist signalmen in keeping the beam level. One signalman controlled both 
cableways and it was necessary to plug in his telephone at three different points 
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during the travel of the load. About four hours were required to transfer the 
first girder because some time was lost in checking the sag of the main cables 
and in maneuvering the trailer on the loading platform. The remaining . 
girders required approximately two hours each to place. 


Fic. 8—Tyrs or Hnavy Loap Hanpiep By Bor CaBuneways WORKING As A UNIT. 
Forty-Ton Girppr ror Spinuway Briver Is Brine Piacep 


The turbine water wheels constituted the heaviest units handled by the 
cableways. This load was lifted about 1 ft and carried about 18 ft utilizing the 
lifting beam just described. The 48-ton wheel together with the 6,800-lb 
lifting beam made a total load of 51 tons, or 253 tons per cableway. 


Track Caste ERECTION AND DISMANTLING 

Erection.—The track cable was erected according to the plan and sequences 
shown in Fig. 9. A 13-in. messenger cable was strung across the valley with 
its ends fastened to the lower front corner of the towers. The cable reel was 
set up on a temporary support located between the two head towers. An im- 
provised brake band was placed on two flanges of the cablereel. The cable was 
first unreeled to bring the socket to the edge of the cliff where a special hanger 
was attached. This hanger was approximately 6 ft long; it consisted of a single 
roller on the 12-in. messenger cable with an attachment at the other end for 
clamping to the cable socket, to prevent the cable from rotating. The track 
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cable was then pulled out on the messenger cable by a 2-in. cable spanning the 
valley. At intervals of 50 ft small single-roller hangers were attached. 

When the track cable had been strung completely across the valley (position 
I, Fig. 9), the socket at the head tower was raised to the top of the head tower 
and attached to the U-bolt on the main pin (position II). The take-up 
assembly, which had been previously attached to the main pin of the tail tower, 
was next attached to the other end of the cable. The take-up was then pulled 
up (position IIT), raising the track cable sufficiently to hang by its own supports 
in order to release the roller hangers. These were taken off by arigger who went 
out over the span in a specially devised bosun’s chair. Then the cable was 
raised to its final position (position IV) with the take-up. 

Dismantling —The dismantling of the cableway was somewhat simpler be- 
cause it was possible to lower the track cable to the roadway across the top of 
the dam. It was then disconnected from the towers and reeled on a special reel 
mounted on a trailer, beginning at the tail-tower end. About four hours were 
required to set up the equipment, and about sixteen hours for reeling. When 
the cable was reeled the drum contained 5 full layers and 2 turns of the sixth. 
The weight of the cable, with its sockets, was about 24 tons, making the total 
weight of the loaded reel 264 tons. A tractor hoist driven by a 20-hp electric , 
motor and mounted on a 40-ton trailer was used to turn the reel and pull the 
trailer. 

Service Test—Before the cableways were placed in operation a series of 
load tests were made. The test load was conveyed, lowered and raised, and 
the towers were traversed. The brakes were severely tested by allowing the 
load to run away and be caught by the brakes. Safety devices were checked, 
and the entire installation carefully inspected. 


DESIGN 


Specifications —The original specifications for the Norris Dam cableways 
were prepared by the Bureau of Reclamation and contained the following 
paragraphs relative to design: 


The towers shall be of structural steel of liberal design to carry the 
maximum working tension of the track cables, plus the tension due to the 
hoisting, dumping, conveyer and carrier ropes, plus a horizontal wind 
load of 30 lb per sq ft of gross area, plus the dead load of the counterweight 
and cableway machinery, plus such other loads as the builder’s design may 
impose. The design shall have a factor of safety of not less than 5, plus 
an allowance for impact stresses produced by 3 of the lifted load. Members 
subject to a reversal of stresses shall be designed for the maximum stresses 
with 25% added for end connections. Except as otherwise specifically 
stated herein, the design shall be in accordance with the ‘Specifications for 
Steel Head Frames and Coal Tipples, Washers and Breakers,’’ as given in 
the “Structural Steel Handbook,” by the late Milo 8. Ketchum, M. Am. 
Soc. C. E., except that the working load stresses shall be in conform- 
ance with the current ‘Standard Specifications for Highway Bridges and 
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Incidental Structures” of the American Association of State Highway 
Officials. 

The carriages and fall blocks shall be designed for maximum hook loads 
of 18 tons on either hoisting or dump blocks, with a factor of safety of not 
less than 5. The carriages shall be made in two sections to permit spread- 
ing of fall limes when operating from the maximum hoisting distance. 
The track rollers shall be not less than 24 in. in diameter with machined 
grooves having a depth of not less than three quarters of the rope diameter. 
Each roller shall develop a load of not to exceed 5,000 lb on the track cable. 
Proper provision shall be made for equalization to avoid excessive loading 
at any point. 

The size of track cables shall be based on a factor of safety of 3, as shall 
be determined by test, which shall take into consideration the maximum 
hook load, weight of carriage and fall blocks, ropes, horizontal component 
due to tension, and any other factors that may produce stress. 


Subsequently, an addendum was issued by the TVA in which the following 
statement was added: 


The weight of the counterweight shall be determined by increasing by 
25% the balancing force required under the condition of lifting 25 tons 
with a 54% sag on the track cable. 


The specifications called for a span of 1,898 ft with a track cable deflection 
under load of 54%. Later, the span was lengthened to 1,925.5 ft. 

Conditions Used in the Design Check.—The towers were checked for the 
conditions of loading and stress given in Table 5. The impact is defined as the 
additional stress produced by the effect of vertical oscillation of the track 
cable. This is most pronounced when a.concrete bucket is dumped or when 
a bucket which is being raised or lowered is stopped suddenly. 

The Lidgerwood Manufacturmg Company, American Steel and Wire Com- 
pany, and the Virginia Bridge Company collaborated in the design of the 
towers and equipment, and the resulting design was checked by the Construc- 
tion Plant Division of the TVA. Wind load on exposed areas did not control 
except in certain bracing members. Unless this stress amounted to more than 
25% of the combined dead-load and live-load stresses it was neglected. 

For the loads listed in Table 5 the entire horizontal component was con- 
sidered acting at the base of the tower through the horizontal thrust wheels. 
The design of the towers presented no special structural problem after the loads 
were computed. In checking the design the condition with load at midspan 
gave the maximum stress in the cable and therefore in the towers. Stresses in 
the track cable and operating cables were also computed with the load at the 
loading point, and at 140 ft from the tail tower. These two conditions gave 
maximum stresses in the outhaul and inhaul cables but did not affect the tower 
design. 

Track Cable Stress.—In calculating the stress in the track cable, the formulas 
adopted were those ordinarily used, as follows; 
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TABLE 5.—Dzsten Factors ror TOwERS 


Loadings Items | Allowable Stresses 
(a) Casm 1 
Dead load Tower, machinery, counterweight | Tension: 13,000 lb per sq in. 
Track eable pull (53% sag) | Weight of cable, carriage, hoist, blocks and 7 13,000 
bucket plus 18-ton live loa Compression: aoe 
1 
Operating cable pulls Conveyer, button, hoist Bs 13,500 r2 
Light cable pull 2 cables at 30,000 lb each Factor of safety = 5 
(b) Casp 2 
Dead load Tower, machinery, counterweight Tension: 16,000 Ib per sq in. 
Track cable pull (53% sag) | Same as Case 1 adding 25% impact to 18-ton 
live load £ 16,000 
Compression: mim 
Operating cable pulls Convyeyer, button, hoist See 
i Soe ese 1 + 33,500 72 
Light cable pull 2 cables at 30,000 lb each 
Wind 30 lb per sq ft on exposed area Factor of safety = 4 


(c) Casp 3 (Casius Orr) 


Tension: 16,000 lb per sq in. 
16,000 


Dead load Tower, machinery, counterweight Compression: ee I 
13,500 r? 
Factor of safety = 4 
(@) Casn 4 (HxrrRemEe Conpirion) 
Dead load Tower, machinery, counterweight 
Track cable pull (53% sag) | Same as Case 1 with 25-ton live load For this condition 10% in- 
crease in stress over Case 2 
Operating cable pulls Conveyer, button, hoist allowed 
Light cable pull 2 cables at 30,000 lb each 
Notrs.— 
MER r Allowable Stresses s 
100 for main compression members Shear on rivets = 10,000 lb per'sq in. 
140 for secondary compression members Bearing on rivets = 20,000 lb per sq in. 
200 for secondary compression members Shear on beam webs = 8,100 lb per sq in. 


For load at midspan (see Fig. 10(a)): 


ee a ws) 
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(a) LOAD AT CENTER (6) LOAD OFF CENTER 


Fie. 10.—Dssten NOMENCLATURE 
For load at points other than midspan (see Fig. 10(b)): 


a(s — x) (ws+2 W)? 


h 
Gr (Gy Rid er ee ae) Nee ee 
ache 8 9 stu td WAG = 


wa(s—2) , Wa(s—2) 
ae 2 dz F 8 ds 
pave 
aaa; 
tan B; —- 
Aa 
Onc ok 


The following nomenclature and data were used, in addition to those shown in 
Fig. 10: 
W = total concentrated load in pounds (58,000 lb including carriage, fall 
block, cables, etc.); , 
w = weight of cable in pounds per foot = 22.2 lb; 
s$ = span in feet = 1,925.5 ft; 
h = difference in elevation of supports in feet = 68 ft; 
d = total deflection at load point from highest support in feet; 
x = distance from highest support to the load in feet; 
t = horizontal component of cable tension in pounds with load at center; 
horizontal component of cable tension in pounds with load at a 
point other than center; 
T, = cable tension at high tower in pounds; 
T. = cable tension at low tower in pounds; 
y = deflection at center of one-half span or part span in feet; 
angle cable makes with the horizontal at high support; 
angle cable makes with the horizontal at low support. 
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Curves showing the computed maximum stress for a 17-ton load, with and 
without impact as computed by these formulas, are shown in Fig. 11 (curves 
A, B,andC). Original computations gave a stress of 362,000 lb with an 18-ton » 
load at midspan without impact. The curves are drawn for a 17-ton load in 
order to be comparable to the stress tests which were made later under an 
actual load of 17 tons. A 3-in. locked coil cable which has a tested breaking 
strength of 1,100,000 lb, giving the proper factor of safety of 3, was used. 


500 


o Absolute Maximum (Instantaneous) 
& Maximum 
© = Minimum Where Maximum Occurs 


450 X WN Impact on Cable as Defined in Text 


x Impact as Percentage of Stress by 
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Curve A Computed Stress, No Impact 
B Computed Stress, Plus 25% of Hook Load 

C Computed Stress, Plus 25% 

D Probable Minimum Stress (Test) 
E Average Maximum Stress (Test) 


F Probable Absolute Instantaneous 
Maximum Sfress (Test) 


Stress, in Track Cable,in Thousands of Pounds 
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Tests 2 and 3 
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Maximum Impact 30% 


Tests 4, 5, 6 and 7 


5 10 15 20 25 30 35 40 45 50 
Percentage of Span 


Fic. 11—Comparison or CompuTrp AND OsspRvEeD Srrussus in Main Caste 


Carriage and Operating Cables—The stresses in the conveyer cable were 
determined by a graphical analysis of the carriage in order to determine the 
variation in the wheel loads and also to check the conveyer cable pull. The 
carriage was assumed to be in a rest position at three points—midspan, loading 
point, and 140 ft from the tail tower. With the carriage at rest the resultant 
is perpendicular to the track cable. The result of this computation was a 
carefully designed carriage which fixed the position of the hoist sheaves in both 
the auxiliary and main carriages in such positions that the resultants passed as 
nearly as possible through the centers of the carriages. It is not possible to 
maintain this condition throughout every position on the cableway span, but 
it was possible to keep the individual wheel loads within the specified 5,000 lb. 
A series of computations for the pull of operating cables gave the data shown 
in Table 6. 

Light and Conductor Cables——For the tension from the light cables and 
conductor cables it was assumed that there was a 54% sag under their own dead 
weight. The extent and number of light cables was not known definitely at 
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first. Due to this uncertainty the total pull of light and conductor cables was 
assumed at 60,000 lb. A final check reduced this to 32,300 Ib. 


TABLE 6—Maximum Putt on Towers From OPERATING CABLES 
(Occurs WuHeEn Loan Is IN CENTER) 


Loap, In Pounps 


Cable 
At loading point At midspan 140-ft from tail tower 
(a) Heap TowER 
Buttons heise cscs 6,000 6,000 6,000 
Outhaul..... 13,000 13,000 19,000 
Inhau 14,500 1,200 0 
Hoist. 9,900 9,900 §,900 
Dump *. 6... 970 970 970 
Total 44,370 31,070 35,870 
(ob) Tarn TowER 

IBGE OR). Sin atsiese a. 23,4 one ee 6,000 

13,00! 13,000 19,000 
Outhaul....-. {iz'000 (i3'000 119/000 
Dota is, oc. 3% 32,000 32,000 44,000 


* Later omitted although included in computations. 


Counterweight—The counterweight was calculated exactly as detailed in 
the specifications. It equaled 25% more than a weight sufficient to balance the 
tower with a 25-ton load at midspan. 

Wheel Loads and Reactions—A summary of the tower reactions and wheel 
loads is given in Table 7. The maximum wheel load occurs when all the cables 
are off. This amounts,to 77,500 lb. However, this condition never occurred 
because the full counterweight was not placed on the tower until after the main 
cable was in place. Actually the maximum wheel load, amounting to about 
66,000 lb, probably occurred when the cableway was lifting a 25-ton load. The 
vertical wheels were crane type, rolled steel, 27 in. in diameter. 

Temperature Effect—The effect of temperature on the stress of the main 
cable was carefully checked after the cableway was in operation. The sag of 
the cable was checked for the unloaded cable at various temperatures, and a 
curve showing sag against temperature was drawn (Fig. 12). A corresponding 
curve showing the sag of the loaded cable plotted against temperature was 
calculated, as shown in Fig.12. The stress in the cable for both loaded and un- 
loaded conditions was then plotted over a range of 100° F. It will be seen 
that the change in stress due to 100° F was the difference between 340,000 lb 
and 375,000 lb, which is approximately 10%. With a factor of safety of 3 for 
the cable and the liberal factor of safety of 5 on the towers, this variation due to 
' temperature could safely be neglected provided the sag of the cable was main- 
tained within the limits of the contract, namely, 0.055 of the span plus or 


December, 1989 NORRIS DAM CONSTRUCTION CABLEWAYS 1755 


minus 5%. In summer the cable had to be raised so that the correct sag oc- 
curred at about 75° instead of at 33°. 


TABLE 7.—Loaps AnD REACTIONS ON CABLEWAY TOWERS, IN THOUSANDS 
or Pounps, SUMMARIZED FROM ORIGINAL COMPUTATIONS 


Loapine ConpiTIons 
All cables 
Dead-weight | Dead-weight | Dead-weight off-dead 
[Moadsandirenctions Deas cable and cable and cable and load of 
RaCIehG carriage plus | carriage plus | carriage plus tower and 
cable only: oars wee ; ei ue ae cree live py arise 
4 4 oad, a oad plus 0 oad, at weight only 
no live load center; impactT; center; 
53% sag 53% sag 53% sag 
Head Tower: 
Main cable pulls*...... 163 396 446 460 
Light and conductor 
Gable ioull sisi cie lac sic,0's ERNE 60 60 60 Aber 
Counterweight......... 780 780 780 780 780 
Tower, trucks, and ma- 
chinery..... 3 453 453 453 453 453 
Total Tower Reactions: 
Front track vertical... 348 932 1,020 1,058 12 
Back track vertical. .. 895 360 280 245 1,203 
Horizontal. ..... we 161 451 500 514 Ociss 
Wheel Loads: 
Front vertical. 22 58.2 64 66 0.750 
Back vertical. BG 56 22.4 17.5 15.3 75 
Horizontal.:........ 20.1 56.4 62.5 ‘ 64.3 ete 
Tail Tower: 
Main cable pull*....... » 162 393 442 456 
Light and conductor 
eable pull. ...... a Pris 60 60 60 era 
Counterweight . ¥ 890 890 890 890 890 
Tower, trucks, and ma- 
GWAR ORY abecaie ye eelaceretre« 361 361 361 361 361 
Total Tower Reactions: 
Front track Lhe a - 329 902 1,000 1,018 —5.8 
Back track vertical... 930 375 282 250 1,237 
Horizontal... 2. -...- 160 448 496 510 
Wheel Loads: 
Front vertical....... 20.6 56.3 62.5 63.6 —0.360 
Back vertical........ 58.2 23.4 17.6 15.6 77.5 
Horizontal. |... ... =. 20 56 62 63.7 Sno 


* Includes 31,000 Ib pull from operating ropes (button, conveyer, hoist, and dump). 
+ Impact in these computations was taken as 25% of the 18-ton ‘load. 


Traversing Force-——The force necessary to traverse the tower was arbi- 
trarily assumed to be 80,000 lb, which was the expected pull exerted on the 
anchors at either end of therunway. ‘This is a highly indeterminate figure and 
depends on the smoothness of the track, friction of the wheel bearings, and 
positions of various loads on the tower. It also varies with the length of time 
the tower remains standing still, and is usually considerably higher when 
starting than when actually traversing. Experience on the Madden cableway 
dictated the choice of 80,000 lb. Test results, as shown subsequently, indicate 
that this was a fair value. 

Design of Runways.—Track for the vertical wheels was designed to take 
the heaviest wheel loads, and consisted of the following: 131-lb A.R.E.A. Rail 
and 7 by 9 in. by 8 ft oak ties 18 in. on center. The rear track was supported 
on a concrete base designed with a vertical cantilever on the rear side. This 
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Fie. 12.—Tumprrature Stresses In Main CaBlp 


2102" Exact ————> 


tee Exact 
H “8 
<s! 
4 


Fig. 13.—Derram or Track Support anp Turust Rar Support, Tarr Tower Runway 
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base transmitted the horizontal thrust as well as the vertical load into the earth 
fill as shown in Fig. 13. The horizontal thrust rail was also a 131-lb rail. It 
was supported directly against the concrete face, as shown, and was fastened to ~ 
the concrete by {-in. bolts and standard rail clips. The bolts were attached to 
the concrete by slotted inserts which were placed vertically and spaced 2 ft 
on centers along the face of the concrete base. These inserts provided a means 
of adjusting the thrust rail vertically to maintain almement in case the con- 
crete base should settle unevenly. This precaution proved to be justified in the 
tail-tower runway because in some places the fill settled as much as 6.in. The 
main track was blocked up with an auxiliary concrete slab and the thrust rail 
was adjusted accordingly. The front track was laid on stone ballast. 

The tail-tower runway was uniform throughout, but the head-tower runway 
offered some difficulties. The center section was built in a manner similar to 
the tail tower, except that part of the concrete base for the rear track was 
placed directly on rock. At each end of the head-tower runway it was neces- 
sary to provide a trestle (Fig. 1), consisting of a heavy steel structure designed 
for three conditions of loading: (1) 18-ton live load plus 25% impact; (2) dead 
load only; and (8) 25-ton live load, allowing 10% overstress. Horizontal thrust 
was transmitted to the foundation by footings of L-shaped section, one leg’ 
vertical. The anchorage support for the sheaves, which carry the traversing 
cable for moving the towers, was provided at each end at the center of the run- 
way on the trestle. At the tail tower suitable concrete anchors were provided 
at each end of the runway to support these sheaves. 


TESTS 


In order to confirm design assumptions, several tests were made and con- 
siderable data secured which, in general, check the results given by the design 
formulas. In particular, they point the way to certain precautions to be taken 
in the application of these formulas. 

Tests with a heavy-duty tension indicator were made to determine actual 
stresses in the button cable, the outhaul cable, the carriage tie, the hoisting 
cable, the tower traversing cables, and the 10-part take-up cable, the latter 
being translated into actual stresses in the main track cable. The general rope 
diagrams showing the location of the tensometer for various tests are indicated 
in Fig. 3, and the location of the blocks or sections of the dam to which 
the cableways were delivering concret ewhen the tests were run is shown in 
Fig. 14. 

The tensometer does not measure stress directly, but, by a diaphragm and 
pressure gage system, measures the force required to produce a particular de- 
flection in a given length of the stressed cable. The pressure gage readings are 
reduced to stresses by separate calibration, by loading a specimen of the cable 
with the tensometer attached in a tension machine and observing simultaneously 
the various loads applied and the corresponding gage readings. It was found 
that the precision attained in using the instrument depends largely on the accu- 
racy with which field conditions are reproduced in the laboratory calibration, 
and tests made at the start of the work indicated that the use of standard cali- 
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bration curves would not give the accuracy desired. Accordingly, the field 
tests were made first, followed by the laboratory calibration. 

The tensometer consists essentially of the diaphragm and gage system, a 
saddle which carries the deflected cable and transfers its load to the diaphragm, 
and a pair of clamps fixed to the frame of the instrument which bend the 
stressed cable over the saddle. 

Under a rapidly changing load, or when the instrument is not constantly 
accessible, the clamps cannot be adjusted to maintain a fixed pressure on the 
cable for all loads. For this reason the clamps were always tightened to the 
proper degree when the instrument was attached to the field cable and were not 
altered during the test; a calibration curve was then obtained from a test speci- 
men of the same type of cable with the field conditions duplicated in the testing 
machine. 

The tensometer was equipped with both a visual and a recording gage, the 
latter carrying circular charts which make one revolution in 30 min. Since the 
stresses in the cables vary rapidly when the load is in motion, the recorder was 
used for all tests. The visual gage only was used in the calibration, so correc- 
tions were applied to the recorder readings due to difference in elevation of the 
two gages, difference in the zero readings, and differences inherent in the two | 
gages. 

To correct for temperature changes and to detect loss of fluid from the 
diaphragm and gage system, the instrument was checked at 30-min intervals 
against a rigid standard bar. The effect of vibration was observed rather 
closely, and it was concluded that the rapid fluctuation of the record pen was 
due to variation in the cable stresses rather than to vibration of the measuring 
equipment. A study of the various sources of errors indicates that the accuracy 
of the stress measurements under these rather adverse conditions is well 
within 10%. , 

The tests were run over complete cycles of operation of the cableway 
bucket. One cycle consisted of raising the bucket from the loading point, 
moving it out over the dam, lowering, dumping, raising, moving back to the 
loading point, and lowering the bucket to its original position. All the cycles 
were timed independently from the ground and this time record of the cycle 
was later transposed to the recorder charts. Occasionally a change in reading 
on the charts located a change in operating cycle closer than these transposed 
lines of the independent timing. 

A complete test at any one point was made up of several runs over several 
cycles. It was found that the cycle on these runs showed very close uniformity 
regarding time, there being only a few seconds difference oneachrun. The time 
cycle could be averaged within the limits of accuracy, and the stresses in the 
track cable and hoist cable could be plotted against time. Readings for each 
position in each cycle were also averaged after correction, and the average 
cycles were then plotted in diagram form as indicated in Fig. 15. The average 
minimum, average maximum, and absolute instantaneous maximum stresses 
were included in plotting the different positions on the cycle. 
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In Fig. 11 the stresses in the track cable at the points in the cycle where 
~ they were maxima, which in each case was the position of lowering the bucket 
to dump, were plotted and compared with those determined theoretically for 
this location on the span, using the same formulas and assumptions which 
formed the basis for the original computations. 

Tests on Take-Up Cable.—Perhaps the most consistent and interesting results 
and undoubtedly the most important were on the take-up tests. 

- Four tests were run while carrying concrete to block 46, two to block 44, and 
one to block 40 (Fig. 14). The tensometer was placed in 5 of the 10 take-up 
parts (Fig. 3) during these tests so that conditions of the tests were sufficiently 
divergent to establish the consistency of the results. The general cycle of these 
tests (see Fig. 15) established that, for several seconds after the uphaul begins, 
the stress in the cable increases very little over that obtained by virtue of the 
dead loads; and that no impact is apparent. Immediately thereafter came a 
sudden fluctuation of the recording needle, indicating increase in stress and the 
application of impact. The explanation of this action seems to lie in the fact 
that when load is first applied to a cableway, the first few seconds are consumed 
in readjusting the shape of the main cable to the new sag while the load still 
_ retains contact with the ground. Once Gantays with the ground is removed, 
impact sets in. 
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During the remainder of the uphaul, outhaul, and down travel, the stresses 
in the main cable increase, but with slightly diminishing impacts. The dump- 
ing point in each case is most clearly defined by a sudden stress drop with 
impact corresponding to a rebound. As might be expected, these stresses de- 
crease during the return travel, and, after the return uphaul, impacts also show 
decreasing increments until the bucket returns to the loading point. In study- 
ing Figs. 15 and 16 it should be recalled that the load is a 6-cu yd bucket weigh- 
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ing 34 tons when empty and 17 tons loaded. Since only one cable of a 10-part 
line was tested, the plotted stresses should be multiplied by 10 to give the stress 
in the track cable, neglecting friction. Fig. 16 shows atypical chart taken from ~ 
the tensometer, and the cycles can be traced easily from this chart. No clearly 
defined variation was apparent in the stresses obtained from the different posi- 
tions of the gage on different parts of the take-upline. It was found impractical 
to evaluate any difference in stress in these parts which might lead to a conclu- 
sion as to friction values in the sheaves. 
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In Fig. 11 the theoretical stresses in the main track cable were plotted for 
any point in the cable with the concentrated load at that point; also the 
theoretical stresses were plotted under the same conditions with a 25% increase 
in the load to allow for impact. A similar curve of these same stresses plus 
25% of the stress as an impact allowance was plotted. The actual values as 
determined from the tests were then plotted on this same chart. It is signifi- 
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cant that for those areas covered by the tests the computed stress plus 25% im- 
pact remained within the maximum and minimum actual stress values and 
closer to the former. The allowance of a 25% increase in the load for impact, 
as originally computed, is slightly low, and a more accurate figure for impact 
appears to be 25% of the computed stress. 

One interesting disclosure was noted—instantaneous impacts, recorded by 
the needle jumping up and immediately returning, amounted to about 8% 
over the more stable maxima. — 

Other Cable Tests —At various points indicated in Fig. 3, other readings were 
taken. Three tests (No. 2a) were made on the outhaul cable while pouring 
concrete in blocks 35 and 39 (Fig. 14). Although these tests were not as 
consistent as those for the main track cable, they did indicate points of maxi- 
mum load and impact and prove that this cableway function produced a sizable 
stress larger than that assumed. Explanation could well be that the sag of the 
outhaul cable on its clear span from tower to tower was originally estimated at 
54%. As this interfered with the main cable, it was reduced to a point where 
fluctuations did not cause interference. Consequently, its stress was increased 
correspondingly. The largest stresses and impacts seem to occur when moving 
the inertia of the carriage—that is, during carriage travel. 

Hoist cable tests (4-part line) in general showed a cycle coinciding closely 
with those on the main track cable. Stresses in the hoist cable (point No. 4 in 
Fig. 3) increased rapidly in raising the concrete bucket. Maximum impacts, 
however, occurred only during carriage travel. An interesting feature was 
that except for intensities, the same shape of curve for impacts and stresses was 
obtained for a 3-cu yd load and the usual 6-cu yd load. 

Traversing Cable Tests—Perhaps one of the most difficult design assump- 
tions to confront the designer of a movable heavy-duty cableway is the pull on 
the anchorages in moving the towers. The tests on the traversing lines brought 
out some very interesting results. The upstream traversing anchorage and 
traversing ropes may be seen in Fig. 5. 

For designing these anchorages, a pull of 80,000 lb was assumed, based 
mainly on experience rather than calculations. Under all ordinary conditions 
this seemed sufficient. The head tower, counterweighted, weighed 1,229,000 
lb, and ran on 32 wheels plus 8 thrust wheels. The weight of the counter- 
weighted tail tower was 1,253,000 lb, and it ran on the same number of wheels. 
No precise distribution of friction in the various wheel sets, nor of the 18-ton live 
load and 11-ton carriage and fall blocks, was available. 

Tests conducted with the cableway loaded indicated 56,000-lb pull on the 
anchorage required to begin movement of the head tower from rest and 44,000 
lb to move the tail tower under similar conditions of loading. With the cable- 
way unloaded, movement of each tower required 44,000-lb pull on the anchor- 
ages. It is not likely that any satisfactory explanation for the discrepancy be- 
tween these two tests exists, because small differences in elevation and alinement 
in the traversing tracks, a skewed position of the cableway, or the position of 
the live load may affect this movement. These tests, at points 5 and 6 as indi- 
cated in Fig. 8, were conducted during normal operations of the cableway. 
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Impact stresses of approximately 25% resulted, and the largest variation in 
stresses occurred when the initial inertia of the tower was overcome to start the 
tower in motion, after which the stress curve flattened out. 

Another test was conducted on the tail tower after it had stood idle for two 
hours, and with the cableway empty. A maximum pull of 70,000 lb was re- 
quired to start movement of the tower from rest under this condition. Un- 
fortunately no test was made on the head tower for a similar period of rest. 
In any case, it appears that the original assumption of 80,000 lb was adequate 
and justified. 

A summary of the theoretical and actual pulls on the head and tail towers 
from the various operating ropes is given in Table 8. 


TABLE 8—TxeorericaL AND AcTUAL STRESSES IN OPERATING CABLES 
(IN Pounps); Maximum Puui at THE TowErs 


Loap ar Loapine Pornr Loap av Mipspan Leap Abe see 
Cables 
Computed Observed Computed Observed Computed Observed 
(a) Heap TowER 
Button. .<./. 6,000 7,000 6,000 9,000 6,000 else 
Outhaul).... 13,000 17,000 13,000 27,000 19,000 36,000 
Inhaul...... 14,500 i ie 2 1,200 Preto eee i SHG 
Hoist... 5... 9,900 12,000 9,900 16,000 9,900 
Dump... 6% 970 estes 970 roe 970 
Total) sh. 44,370 ortho 31,070 es 35,870 
(b) Tarn TowrrR 
Button... 6,000 7,000 6,000 9,000 6,000 Bihan 
Outhanl 13,000 17,000 13,000 27,000 19,000 36,000 
Pipe aned 13,000 gah 13,000 ee 19,000 CHa 
Total. #7: 32,000 ot: 30 32,000 ies ahans 44,000 
Costs 


Combining the various expenditures for installing the two units of these 
cableways, the following costs were determined: 


Preliminary work, clearing! ,.(7).00..0.2....; $ 62,961.96 
@onstructing run Ways... 102 pons tee see 2! 184,993.40 
vechtrestles earn. sea wees chee tl 19,440.26 
Hhrustanchorsemempwee la tneren heel. wear h 16,584.67 
pi aCleaenia' Gite een Ae Metin el OS ee re Nat 13,193.27 
Rowers; first costierected. 05 .c.se el egies oe. 100,318.00 


Counterweights and miscellaneous tower expense 14,687.85 
Hoists, track cable, carriage, operating cables, 

electrical equipment and controls, travers- 

ing equipment erected.................. 187,613.75 
IDESTOOER SST Aer gale, euch cering Sheng ete Bc Lea eee eae 22,591.12 
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Salvage value (credit) from transfer of one cable- 
way to another project and the sale of 
partiof one cableway se a0.) os ance oe 96,795.79 


Neti costot.< sk te et wet onene et Se ee od 8849 


These data do not include the cost of reconstruction required by the cave-in 
of the runway foundation in May, 1935, which amounted to $63,723.25. 

Likewise unit operating costs on an hourly basis were computed, based on 
a total of 19,342.5 net operating hours for the two units, between July 17, 1934, 
and April 1, 1986. This number of net hours is more than in Table 4 because 
508.5 delay hours are included. Subdividing into the component parts gave 
the following: 


Operation 
AWE 010) eR ak) Gs Orokerc.cinia. 4 ct eR oe, io SRE OE) 
Expense—electricity, plant, supplies, 
ObCiatars Ee soot Abe Oe elo oe 1.024 
Total operation, per hour................ $ 6.487 
Maintenance 
Labor 
Bield'.< s.4tcthenee rs Hn oat eee $2.508 
ShOpw estes Ae eae tee 0.274 
Total maintenance labor............. 2.782 
Expense—shops, machines, etc........ 0.658 


‘Material (original cables not 
included)iase =a: $2.324 
Credit—salvaged cable.. 0.331 


Net total—materials................$1.993 
Total maintenance, per hour.............. 5.433 


Total operating cost, per hour (deprecia- 
tion not included).......... lomcecige $11.920 
This total cost was for the period extending beyond the completion of the dam. — 
The actual cost at the close of the job was $11.44 per hr, which does not include . 
the cost of repairing a cave-in under the head-tower runway. 
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FUNCTIONAL DESIGN OF FLOOD CONTROL 
RESERVOIRS 


Discussion 


By EDWARD SOUCEK, JUN. AM. Soc. C. E. 


Epwarp Soucnx,’ Jun. Am. Soc. C. E. (by letter).2°—A very convenient 
method for analysis of the action of flood control reservoirs with fixed outlets 
has been given by the authors. The selection of an equivalent uniform flood . 
to represent a given non-rectangular inflow hydrograph may prove trouble- 
some, despite the assurance of the authors that this operation is not difficult. 
A 40-hr uniform flood of equal total inflow is proved to be ‘‘equivalent’’ to the 
triangular flood shown in Fig. 1 for a particular outflow rate but no basis for 
the pre-selection of this duration is given. It seems that errors in estimates 
of the duration of the rectangular flood considerably exceeding those of 5% 
which are used in Table 1 are easily possible. 

It is true that the paper deals primarily with the use of the rectangular ~ 
flood—not its determination—so if it were not for the example given, this 
question would not be raised. The writer believes that the latitude which is 
possible in the establishment of the equivalent uniform flood is reduced if its 
total inflow is made equal to that of the hydrograph which is to be replaced 
only up to the time of maximum outflow. The inflow rate after this instant 
may remain constant indefinitely or may drop immediately to zero without 
effect upon either the maximum outflow rate or the maximum storage volume. 
It appears that the exclusion of an extraneous part of the inflow hydrograph 
makes the selection of a rectangular flood easier. 

Considering the triangular hydrograph shown in Fig. 1, if a maximum 
outflow rate of 5,160 acre-ft per hr is contemplated, the maximum storage and 
outflow rate occur 32.8 hr after the beginning of the flood. The total inflow 
up to this time is 253,000 acre-ft. The remaining 40,000 acre-ft of inflow and 
the corresponding 15.2 hr of time are neglected. By plotting a mass curve 
of the given flood, the writer found that the least deviation of accumulated 


Nors.—This paper by C. J. Posey, Jun. Am. Soc. C. E., and Fu-Te I, Esq., was published in Oct ober, 
1939, Proceedings. This discussion is printed in Proceedings in order that the views expressed may be 
brought before all members for further discussion of the paper. 

8 Asst. Hydr. Engr., The Panama Canal, Balboa Heights, C. Z. 

8a Received by the Secretary November 20, 1939. 
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inflows between a rectangular hydrograph and the given inflow hydrograph 
resulted when the duration of the uniform flood was 31 hr and the intensity 
was 8,160 acre-ft per hr. By the application of Table 2, the maximum storage 
for this rectangular hydrograph was found to be slightly more than 116,000 
acre-ft, a close check on the step-method solution. This elementary procedure 
may merely prove the contention of the authors that the selection of the equiva- 
lent uniform flood is easy but is intended to substantiate a preference regarding 
the total inflow of the uniform flood. 

In Table 2, the small effect on the detention ratio of considerable variation 
in the depth-capacity exponent is very significant. Since the point of zero 
depth is fixed by the elevation of the outlets, a monomial exponential function 
cannot be fitted to the data as accurately as would be the case if the point of 
zero depth could be adjusted at will. This restriction is apparently unimpor- 
tant except for high outflow ratios. 

For orifice-type outlets, the depth-discharge exponent may be expected to 
remain sensibly constant at the value of 0.5. For weir-type outlets, however, 
the use of 1.5 for the depth-discharge exponent is somewhat in error, owing 
to the tendency for the constant B in Equation (5) to increase with the head. 
When only instantaneous discharges are being considered, the use of a constant 
-exponent and a varying coefficient is justified by the resulting convenience of 
calculation. When a monomial exponential function with both the coefficient 
and exponent held constant is necessary, it might be better to modify the 
exponent. Assuming what appeared to be a reasonable variation of the coeffi- 
cient 6 with the head, the writer plotted logarithmic rating curves for ogee 
spillways designed for 5-ft, 10-ft, and 20-ft heads and found that the exponent 
1.6 represented the depth-discharge relation better than the exponent 1.5. 
_ The effect is smaller than might be anticipated from the variation in B which 

was used—a linear variation from 3.1 at zero head to 4.0 at the design head. 
As in the case of the depth-capacity exponent, the difference seems unimpor- 
tant for low outflow ratios. 


——_ 
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Discussion 


By J. CHARLES RATHBUN, M. AM. Soc. C. E. 


J. CHartes Ratusun,® M. Am. Soc. C. E. (by letter).*“—This paper has 
been fortunate in having so many able discussers. As many of them have 
been interested actively in this or a similar problem they have been able to 
suggest a number of related phases that should be given study. The most. 
outstanding one is that of building vibration. 

Strength and stiffness are two entirely different characteristics of a structure, 
as emphasized by Mr. Coyle and Professor Morris. This paper has been 
primarily concerned with the lateral loads on a building although it has taken 
into consideration both of these other questions to a considerable extent. To 
study the wind effects properly one must consider not only the physical charac- 
teristics of the building but also the effect of vibration on the tenants. It was 
considered unwise to expand the scope of this investigation into this latter 
field, although the value of it was recognized. Mr. Coyle has collected con- 
siderable data on the subject of vibration in various buildings and has given 
it careful study. 

The writer agreés with Professor Morris that extreme refinement of mathe- 
matical calculations is unwarranted but that some theory of stress distribution 
for lateral stability is necessary in designing buildings. A continued study of 
the problem should reveal better theories that will enable the engineer to 
anticipate the action of his building under all conditions of loading, without 
increasing the labor of analysis unreasonably. The writer wishes to emphasize 
that he did not suggest that the fact—that the architectural clothing adds to 
the strength of the building—should be taken into consideration in its design. 
Both conclusions (8) and (9) demonstrate this point; and Professor Morris 
emphasizes it. The third sentence of Mr. Skinner’s discussion is not at all in 
accord with the writer’s opinion; nor does it seem to follow from the findings. 


Norsn.—The paper by J. Charles Rathbun, M. Am. Soe. C. E., was published in September, 1938, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: November, 1938, by Messrs. 
David C. Coyle, and Clyde T. Morris; January, 1939, by Messrs. Robins Fleming, F. P. Shearwood, Lydik 
8. Jacobsen, Francis L. Castleman, Jr., J. B. Wilbur, R. D, Spellman, David A. Molitor, Walter J. Gray, 
and K. L. DeBlois; March, 1939, by Messrs. Albert Smith, and Victor R. Bergman; May, 1939, by Otto 
Gottschalk, Esq.; and June, 1939, by Colin Skinner, Assoc. M. Am. Soe. C. E. 

51 Associate Prof., Civ. Eng., Coll. of the City-of New York, New York, N. Y. 


51a Received by the Secretary November 1, 1939. 
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In fact, his account of the gradual transfer of load from the masonry to the 
steel leads to the opposite conclusion. 

Mr. Fleming’s discussion is valuable particularly as he gives numerous 
references on this question and related problems. He quotes the report of the 
British Research Committee®: ‘In a large class of steel-framed buildings * * * 
the steel work is thus relieved of the responsibility of resisting wind shear.” 
This idea should be studied carefully and the character of the building noted. 
For the tall steel building—the ‘skyscraper—the writer feels that the steel 
should carry the responsibility of the wind load and lateral stability of the 
structure, even if the load is partly taken by the masonry. 

It is true, as Mr. Shearwood suggests, that the data obtained from the 
Empire State Building show that the problem is far too complicated to be 
formulated by simple uniform horizontal loads and methods of analysis. In 
design the engineer endeavors “‘to distribute, exactly, indeterminate stresses 
induced by indeterminate forces.’ The writer hopes that nothing in his paper 
will lead to the idea that this is not good engineering practice. Of course, 
formulas must be followed with judgment and experience, not just as a guide. 
Engineers with sound judgment and broad experience may be able to design 
safely but most of them should not be encouraged to dispense with accepted 
‘methods which in the past have produced safe structures. If the experience 
and study of the specialists have decided that stresses obtained by conventional 
methods should not be exceeded is it wise for the Profession to violate these 
suggestions? In cases where they are sure the previous study does not apply, 
or where it has been improved upon, a special investigation should be made and 
the result applied in a conservative manner. 

The writer believes (see fifth paragraph in Part II, under ‘“‘Introduction’’) 
that it is probably wise to ignore the strength of the masonry until, as Mr. 
Shearwood suggests, further investigation of this problem is made. 

Mr. Jacobsen has stated the fact (as has the writer preceding and following 
Equation (1)) that T and W are ratios of time and weight between the building 
and the model. The facilities for observing the period of vibration by means 
of the collimator are available for future use. It is planned to make checks 
from time to time on the building to note if a gradual change takes place in 
its period of vibration. ‘ 

It is true that Equation (20) can be written without derivation as it is quite 
simple. The previous equations were given so that one might note the approxi- 
mations involved and the effect of these approximations on the validity of 
this equation. The effect of the walls was omitted because the scope of the 
study was a comparison between the frame of the building and the model. 
The results of this study were compared with the actual building and the 
difference was attributed to the stiffness due to the walls. 

The columns of the Empire State Building rest on solid rock whereas the 
columns of the model are anchored to steel bars. Therefore, both are quite 
rigid and have little effect in destroying the similitude between model and 
building frame. 


82 Third and Final Report, British Steel Structures Research Committee, Dept. of Scientific and 
Industrial Research, 1936. 
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The writer agrees with Professor Castleman that more data of this nature 
should be gathered. There are serious difficulties, however. It is seldom 
that the owner of a building is willing to allow an intensive study of his structure 
to be made and published. Furthermore, the gathering of these data, their 
interpretation, the equipment necessary, and its installation, are very ex- 
pensive. 

The writer feels, definitely, that the data obtained from wind tunnels by 
a skilled observer and under laboratory conditions are most valuable. The 
data are obtained under controlled conditions and so can be understood much 
better than those obtained from observations on a building. They are two 
entirely different sets of data but the reason for the differences between them 
is worthy of study. The local conditions that tend to break up the wind 
currents is only one factor, although an important one. The work of Messrs, 
Dryden and Hill is most valuable and the data therein should be compared with 
those obtained on the building itself. 

The law of variation of pressure with distances from the ground has not 
been formulated as suggested by Professor Castleman. As can be seen from 
the data of this paper it is quite erratic. The observations given by Mr. 
Skinner in his Conclusion (9) are only one set of many and should have no 
more weight than the other items of Table 2. They certainly do not warrant 
the authority that is due a ‘‘conclusion.”’ 

The only objection the writer sees to adding the term suggested by Pro- 
fessor Castleman to Equation (18) is that it increases the length of the equation, 
When it was omitted it was thought the numerical value would be very small. 

The fact that the temperature effect on the building is negligible should not 
lead one to generalize. The construction of the building, as well as the 
efficiency of the insulation around the frame, will have much to do with this 
effect. It was examined into, and recorded, largely to show that it was not 
the cause of the plumb-bob’s failure to return to a fixed center. 

Professor Wilbur discusses the deflection index and its importance. The 
data taken from the Empire State Building should be of considerable value in 
determining this index. 

Mr. Spellman suggests that ‘‘in some instances a substantial saving could 
be attained safely by omitting wind-bracing.’’ This is done in some cities 
where the ordinance allows one to design buildings less than a certain height 
without allowing for wind loads. To extend this practice to the top part of 
tall buildings is an idea of questionable value and one not encouraged by the 
data of this paper. If there are substantial wind loads the writer feels that 
they should be provided for in the steel. 

It was particularly gratifying to note that the late Mr. Molitor™ accepted 
the percentage added to the rigidity by the masonry as obtained by the writer. 
This value may vary between wide limits even in the same building while the 
materials are becoming adjusted to each other. He, like the writer, and several 
of the contributors to this paper seemed to approve the present method of 
stress analysis and assumed lateral loads. To date the results have proved 


53 David A. Molitor, M. Am. Soc. C. E., died on September 8, 1939. 
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satisfactory. The tests on the Empire State Building seem to indicate that 
20 lb per sq ft is not too great and since there have been few if any failures due 
to wind it is not too low; and so, until better methods of loading, analysis, and 
design are discovered, the present method should not be considered outmoded. 

Mr. Gray’s observation of the fog phenomenon gives some idea of the action 
of the wind currents about the building. 

Mr. DeBlois has expressed an interesting idea relative to the damping 
effect shown in the model data; and the curves viewed from this standpoint 
show this effect clearly. The writer was unable to devise any way of measuring 
this same phenomenon on the building and so could not use it in his paper. 

Mr. Smith’s plots of wind forces against their direction are very enlighten- 
ing and, to some extent, show the general direction of the wind in New York, 
and also the effect of the neighboring buildings. He also calls attention to 
irregularities in the manometer and extensometer readings. These were noted 
before submitting the manuscript but it was decided that their omission would 
tend to lead to a false sense of accuracy. 

The extensometer rods were close to the columns and were covered with the 
same insulating material. Thus the elongation due to temperature will be the 
same for both rod and column and the reading will not be affected. It has been 

“shown by the test on building deflection that the temperature effect is very 
slight. 

Mr. Bergman emphasizes the importance of rigidity in a building and 
that the designer is working between limits. As the writer has stated, this is 
a problem that could be studied to advantage by the Profession. 

Mr. Gottschalk’s suggestion that there should be more simple methods of 
obtaining the information about masonry stiffening than by models is one that 
it is hoped will be acted on and one which will lead to studies on buildings other 
than the Empire State. The difficulties already outlined by the writer make 
it probable that not many such studies will be made. 

Mr. Skinner is to he commended that his interest in the problem induced 
him to make further observations after field work was considered finished and 
some of the instruments had been removed from the building. In many cases, 
however, his discussion gives an entirely erroneous impression due to an over- 
emphasis on data that are considered by the writer to be of but little moment. 
This is particularly true of the wind currents in the fire tower and the creaking 
of the building during a high wind. The actual data on which Mr. Skinner 
bases his findings were available to the writer when the paper was written. 

Mr. Skinner’s comments relative to air currents should ‘not lead one to 
discredit the work of the plumb-bob, and the findings shown in Fig. 12. When 
the writer first installed this bob it was found necessary to damp it, of course. 
After this all recorded readings were made with great care and accuracy. 
Sources of error such as temperature, wind currents, etc., were studied and 
taken into consideration. At the writer’s suggestion, one of the observers made 
a study of the accuracy of his readings and found that they had a probable 
error of less than one-eighth inch. This is more accurate than the collimator 
readings. The eight charts similar to Fig. 26 were a part of a study made 
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during the early part of the data-gathering period. The idea was abandoned 
because it was shown that the plasticity of the building is considerable and 
therefore the center of rest is of no importance. 

The creaking mentioned by Mr. Skinner is a very usual phenomenon with 
structures when new and it would have been surprising if this building had 
proved an exception. In bridges it is not noticeable because of other noises 
when the load is being applied; in new occupied buildings this is also true to a 
limited extent but in new ships and vacant buildings it is noted often. That 
an observer who is watching for data should note it, is as it should be; that he 
should pick up the period of vibration from the sound is most interesting and 
Mr. Skinner is to be congratulated on using this information to advantage. 
That the noises should be classed as groans is incorrect and misleading. As he 
stated, when the building reached structural adjustment the sounds abated, 
just as one would anticipate. 

The writer has investigated the question of the partitions that are “seriously 
cracked” and finds that no reports of any serious, dangerous, or even prominent 
cracks in partitions or floors have been made to those responsible for the 
building. As the building is composed of many materials, some weak in 
tension (concrete and plaster), it would be surprising if some cracks did not . 
appear during the first winter. However, these are very minor and the writer 
did not consider them of any structural significance except to show adjustment 
of stress. The partitions are not a part of the working structure and there are 
no cracks in the floors due to wind. 

To be complete, Mr. Skinner’s attempt to correlate the observations of the 
four New York stations should indicate the spread of the data as well as their 
averages. There are so many factors that enter into this problem that a simple 
average does not give the true picture; nor can it be applied to one storm, or 
indicate the maximum velocities at the several stations and their ratios to each 
other. 

The writer agrees with Mr. Skinner and the several other discussers that 
the work of Messrs. Dryden and Hill is of great value and should be studied by 
all those interested in the problem. Much of Mr. Skinner’s discussion is 
mainly a repetition of the data, conclusions, and ideas expressed in the paper 
and with these, of course, the writer agrees. He has tried to give full credit 
for all of the ideas that were given by those associated with him in the work, 
However those employed in gathering data were too numerous to mention 
by name. 

Mr. Skinner closes with nine “‘conclusions.’”’ Conclusion (1) is covered by 
the writer’s Conclusion (8). His last sentence depends upon the meaning of 
“great refinement.”’ In Conclusion (2), the figures given should have been 
substantiated by data. If they are only a guess the writer questions the 
wisdom of having given them. His first sentence is a contribution to the 
subject. Conclusion (3) is a repetition of the writer’s Conclusion (2). Since 
the plumb-bob and Fig. 12 were the sources of the necessary data, and Mr. 
Skinner questions the accuracy of these, one wonders how he arrived at this 
conclusion. The writer questions the accuracy of Conclusion (4) but considers 
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it of little importance. The data from which Conclusion (5) was drawn is 
probably Table 5. As the vibration and deflection are not simply related 
phenomena the writer questions the wisdom of generalizing from the data. 
As the data are available the reader can decide this matter. As for Conclu- 
sion (6), a normal amount of creaking and grating can be heard by those who 
are listening for it but this is not a structural defect. The idea of the masonry 
slipping on the steel frame is interesting but not probable unless data not 
published bear it out. The squeaking of joints in metallic partitions has been 
reported. The building, definitely, does not groan during a high wind. Con- 
clusions (7) and (8) were fully covered by the writer’s paper. The information 
in Conclusion (9) was based on one of the many observations, selections 
from which were taken to form Tables 1 and 2. The findings scarcely war- 
rant a conclusion, however, as it was only one set of readings. 

Mr. Skinner’s discussion is full of “food for thought.” His observations 
on the gradual increase of the sensitivity of the steel are of great interest. Itis 
unfortunate that quantitative data were not secured. In many cases his over- 
statement of the data has led to an incorrect impression but it is probably for 
the best that a different point of view has been advanced for the reader to 
_consider. The writer has tried not to draw conclusions from general averages 
of very erratic data but where Mr. Skinner has done so the reader can judge 
each case on its relative merits since he has all of the pertinent data. 

In closing the writer wishes to thank all those who have contributed, either 
by supplying funds and physical facilities, collecting data, making suggestions, 
or discussing the paper. It is hoped that future studies will enable the de- 
signing engineer to work with greater exactness in predicting the stresses due 
to wind on his structure because of the ideas and data given in this paper and 
its discussions. 

Corrections for Transactions: On page 1358, line 6 following Fig. 14, change 
“8.38” to 8.28”; and, to the “Acknowledgments” add: ‘Alfred F. Samuel, Jr., 
Assoc. M. Am. Soc. GC. E., installed the collimator target and made many of 
the readings.” 
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Discussion 


Souler Ie USieASSOCH VietAI SOGH GE: 


T. H. Rusrt,#* Assoc. M. Am. Soc. C. E. (by letter).*!*—The discussions on 
this paper have further integrated the subject. Professor Sherlock and Dean 
Grinter note the difficulty of the mathematical approach to the accurate’ 
stress analysis in steel gusset-plates, and Professor Sherlock states the meager 
achievements in accurate stress determination of gusset-plates. 

The difficulty arises when an attempt is made to state, mathematically, the 
principle of least energy for a plate with finite boundaries. The forces con- 
cerned are those parallel to the plate, applied at points within the plate rather 
than those applied perpendicular to it. The stress will flow from one force to 
another along many paths. The amount of stress along a particular path will 
be a function of its length and the rigidity of the material. Stored energy is a 
product of force by displacement, or a summation of such products; and the 
stress in the plate will distribute itself along the various paths in such a manner 
as to make the total energy in the plate a minimum. A prismatic plate with 
two opposite forces applied uniformly over its ends will be uniformly stressed 
similar to Fig. 6(a). However, if the forces are applied at points in the ends 
of the plate, and if the plate is other than narrow in an engineering sense, 
another component of stress will be introduced from the principle of least 
energy as shown by Fig. 6(c). If there is little bending stress, greater stress 
will lie in the path directly between the two forces than in any other longer 
path through the plate. It is this variation of path in stress transfer in gusset- 
plates from one attached member to another which makes the accurate determi- 
nation of stress so difficult. 

Dean Grinter’s calculations of stress in the bakelite models reveal similar 
difficulties. In Models Bs and B; the computed maximum stress at the edges 

Norn.—This paper by T. H. Rust, Assoc. M. Am. Soe. C. E., was published in November, 1938, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: February, 1939, by Messrs. 


R. H. Sherlock, and L. E. Grinter; April, 1939, by Russell C. Brinker, Jun. Am. Soc. C. E.; and June, 1939, 
by C. W. Wixom, Assoc. M. Am. Soc. C, E. 
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is less than that given by the formula for direct and bending stress. This is 
because the path in the plate between the ends of the legs is the most direct 
one and hence takes more least energy stress than the longer paths at the edges. 
The wider plates of the D models show this phenomenon to an even greater 
degree, the stress at the edges being almost zero. It is well to note that the 
behavior of stress in bakelite models simulates that of steel in a qualitative, 
rather than in a quantitative, manner. The fringes fall off more rapidly in 
the bakelite than they would in a steel plate because the modulus of elasticity 
of bakelite is only about 550 000 lb per sq in. in comparison with 29 000 000 
lb per sq in. for steel. As an extreme example of the localization of stress 
due to the elasticity of the material, a pin thrust through a thin sheet of rubber 
could be moved back and forth laterally in the plane of the sheet, producing 
- only local distortions, and points at some distance would suffer little or no 
distortion. Steel models would not have this quantitative handicap, since all 
three types of stress (a), (b), and (c), shown in Fig. 6, would appear in their 
true values if the proper scale relations were maintained between model and 
prototype. After they are in the plate, the 7 values and the ee -values are 
independent of the modulus of elasticity of the plate, provided the material 
‘satisfies Hooke’s law in the region considered. It is only the ‘‘minimizing 
stress’ (Fig. 6(c)) that is thus affected. Photo-elastic methods could not be 


used with steel models; but perhaps other methods could be employed such as — 


covering the plates with a thin layer of material which would show changes 
after the steel plates were subjected to stress. 
In the absence of well validated methods for obtaining quantitative informa- 
tion, the qualitative knowledge is a definite help to the careful designer. 
Although the mathematical methods are intricate and not far advanced for 


the study of stress in plates of finite boundaries, with forces applied at points 


within the boundaries and parallel to the planes of these plates, still progress 
might be made by methods analogous to those developed by the German 
physicist, Walter Ritz.*2 He made some noteworthy solutions in thin plates 


of finite boundaries, with forces applied perpendicular to the planes of the — 
plates, by using variational calculus, polynomials, Green’s theorem, and — 


Fourier series. The continual refinement of results by Fourier series parallels 
the designer’s successive approximations in his calculations and designs. 


Professor Brinker states that search of the technical literature will disclose — 


few if any instances of failures caused by faulty gusset-plate design. It is 


indeed unfortunate that more structural failures are not described in the — 


literature, since the primary cause of failure is not always disclosed by a casual 
inspection afterward. The close study that accompanies the preparation of an 


engineering analysis and report might very well have placed the blame on these — 


points of discontinuity. Engineers agree quite generally that failures are in 
the joints and details rather than in the bodies of the members. 


%2 ‘Deformation einer am Rande eingespannten elastischen Platte unter dem Einflusz eines gegebenes — 


Normaldruckes,’’ von Walter Ritz, 1878-1909, Journal fiir die reine und angewante Mathematik, Band 135, 
1909,'s. 6-57. 
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Professor Brinker also notes that the gusset-plate should not have an angle 
of less than 30° with the connecting member. Because of the considerable 
research that has been completed in riveted joints, gusset-plates, and thin 
plates, ” the writer did not include this empirical specification in the paper 
or in the thesis!® of which the paper is a part, because of the expectation that 
it would soon be superseded. 

Such matters as thickness of gusset, and reinforcement of gusset to prevent 
buckling, which Professor Brinker raises should be the result of the specifica- 
tions and requirements of a particular structure. 

Equation (5) has been given in more generalized form, including examples 
of its application by the late J. A. L. Waddell, Hon. M. Am. Soc. C. E.4 This 
formula is approximate and gives only the order of magnitude of plate stresses 
rather than accurate values. 

Mr. Wixom’s statement in the first paragraph of his discussion quite agrees 
with the statement of the writer (see ‘(Recommendations for the Specifications 
and Design of Steel Gusset-Plates: Stresses’’), ‘If there is no reversal, stressing 
the rivets beyond the elastic limit is of little consequence.” It is this favorable 
quality in the plastic region of steel that has permitted the specification of 
gusset-plates to lag in progress behind the specification of members. How- . 
ever, when reversed stresses occur and each reversal goes beyond the slip 
capacity of the rivets, the connection is very likely to deteriorate. 

It seems that it would be desirable in almost every instance to splice all 
members outside of the gusset connection and thereby avoid superimposing 
the discontinuity of the splice upon that of the gusset. 

The writer agrees with Mr. Wixom that it would be folly to specify a gusset 
of approximately equal axes at the expense of long rivet connections or un- 
riveted areas of plate, and the writer regrets that such an interpretation has 
been placed by Mr. Wixom upon the ideal. The ideal gusset-plate is similar 
to the ideal engineering structure; it can almost never be realized. However, 
the writer has found, after the examination of many gussets, with the experience 
and the elementary theory at his disposal before this research was undertaken, 
that gussets of approximately equal principal axes with forces intersecting near 
the center practically never showed high stresses due to bending and direct 
stress. The desirability of avoiding long and narrow gusset-plates has been 
reported by Clifford E. Paine, M. Am. Soc. C. E. 

Mr. Wixom’s objection to lug angles is based upon three considerations: 
(1) Short lug angles induce moment in the transfer of stress; (2) the added rivet 
connection causes distortion with resultant stress in the lug angle before it can 
transfer any stress from the member into the plate; and (3) the added material 
in the lug angle must be distorted with resultant stress before it can transfer 


12*'Tests of Joints in Wide Plates,’’ Bulletin No. 289, Univ. of Ilinois, Urbana, Ill. 

2 Proceedings, Am. Soc. C. E., May, 1939, p. 805, 

16 This paper is a part of a thesis submitted by the writer for a D. Sc. degree at the Univ. of Michigan. 
A complete copy of the thesis has been filed for reference in Engineering Societies Library, 29 West 39th 
Street, New York, N. Y. 

1 ‘*Bridge Engineering,’ by J. A. L. Waddell, 1925, pp. 519-529. 

33 ‘Designing Bridge Towers 700 Ft. High,” by Clifford B®. Paine, Engineering News-Record, October 8, 
1936, p. 499. 
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stress into the plate. The first consideration can be minimized by long lug 
angles. The second, which is undoubtedly the most important factor, can be 
reduced by welding the lug angles to the members. Welded connections are 
much stiffer than riveted ones*; so the less capacity for transmission of stress 
due to the added riveted connection can be largely counteracted by welding 
the lug angle to the connecting member. The entire connection from the 
member and auxiliaries to the gusset-plate, itself, should be either all riveted 
or all welded. The third factor can be minimized by making the lug angles as 
narrow as practicable and of comparatively thick material. This factor is not 
as important as the first and second factors. For these reasons it does not 
seem justifiable to condemn all use of lug angles. 

In answer to Mr. Wixom’s preference for heavy trusses, it seems that best 
results can be obtained by not attempting to exceed, or even equal, the maxi- 
mum sizes of rivets, heavy plates, and sections in use at this time. At least, 
this should apply to important gusset-plates and their connections. Many 
specifications limit the thickness of plates, eye-bars, and other sections for 
steel structures, and C. F. Goodrich,*® M. Am. Soc. C. E., reports that ‘the 
limit has about been reached in human strength to handle heavier, high- 
pressure, rivet guns.” 

In reply to Mr. Wixom’s criticism that the models did not simulate closely 
enough the complex gusset-plates in actual trusses, it may be said that progress 
in any laboratory work results from simple beginnings. Also the development 
of a proper testing technique was of major importance in this research. It is 
true that the stresses are principally direct in most of the models, and in others 
the bending results entirely from the eccentricity of the direct load, whereas; 
in actual trusses the presence of diagonals and verticals renders the conditions 
more complex. Nevertheless, it is believed that the lessons from these simple 
models have supplied information for the estimation of stress in more com- 
plicated joints; and it is hoped that more involved joints will be investigated in 
the laboratory. 


% “The Relative Rigidity of Welded and Riveted Connections,” by C. R. Young, M. Am. Soc. C. E., 
and K. B. Jackson, Canadian Journal of Research; 11, 1934, p. 131. 


%‘*Tension Tests of Large Riveted Joints,” discussion by C. F. Goodrich, Proceedings, Am. Soc. C. E., 
September, 1939, p. 1290. 
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THE REE ELOW ORIVERsPROBLEM 


Discussion 


By O. J. Topp, M. Am. Soc. C. E., AND S. ELIASSEN, 
Assoc. M. AM. Soc. C. E. 


O. J. Topp,?2 M. Am. Soc. C. E., anp S. Exiassmn,* Assac. M. Am. Soc. 
C. E. (by letter).3*—Since this paper was written, in 1938, there has been a 
marked change in the lower course of the Yellow River which is no longer ' 
flowing in the diked channel north of the Shantung Mountains, but across the 
plains to the southeastward from a point nearly 40 miles west of Kaifeng. It 
has joined the Huai River and, together with that river, empties into Hungtze 
Lake east of the Tientsin-Pukow Railway in Kiangsu Province and from there, 
via several channels, into the Yellow Sea. Some of the flow follows the course 
of the Grand Canal to the Yangtzekiang 700 miles south of the 1937 outlet of 
the Yellow River on the Gulf of Chihli. 

This latest great change of course reminds observers of the consequences 
of a “back to Nature” program. If human beings are going to live and carry 
on their daily activities in this fertile region, the Yellow River must be held to 
a channel that is as stable as possible. The inhabitants must have a sense of 
security if they are to live in peace and build permanent homes. Railroads, 
motor roads, and canals must all be made secure against serious flood attaeks. 
A section of the Lunghai Railway has already been buried in silt since the dike 
break of June, 1938. It will not be long until sections of the Tientsin-Pukow 
Railway in Kiangsu will be similarly threatened. A river which, annually, can 
fill an area of 300 sq miles with silt to a depth of 5 ft must not be permitted to 
go uncontrolled across a fertile plain where the average population density is 
greater than 600 per sq mile. 


Norn.—This paper by O. J. Todd, M. Am. Soc. C. E., and S. Eliassen, Assoc. M. Am. Soc. C. E., was 
published in December, 1938, Proceedings. Discussion on this paper has appeared in Proceedings, as 
follows: March, 1939, by Messrs. J. W. Beardsley, and Elliott J. Dent; April, 1939, by Messrs. Herbert 
Chatley, and H. van der Veen; June, 1939, by Messrs. C. S. Jarvis, and E. W. Lane; and September, 1939, 
by George Higgins, M. Am. Soe. C. E. 

% Cons. Engr., Palo Alto, Calif.; formerly, Cons. Engr. to the Yellow River Comm. and Shantung 
Govt., Peiping, China. 

hi 33 Oslo, Norway; formerly, Engr. in Chg., Survey Dept., The Yellow River Comm., Kaifeng, Honan, 
ina. 


33a Received by the Secretary November 13, 1939. 
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The question may be raised as to which of the two general routes should be 
chosen as the regulated course of the river—the one north of the Shantung 
Mountains to the Gulf of Chihli, or the one south of these mountains to the 
Yellow Sea. Both from technical and social-economic considerations the 
northern course is decidedly preferable. The distance to the sea is shorter and 
will remain shorter for the next two centuries even if nothing is done by way of 
soil-erosion control of the inland areas. Also, the northern route has no com- 
plications with other river systems such as would be found along any southern 
route that might be selected. The northern route is flanked on the south for a 
distance of 90 miles by the foothills of the Shantung Mountains, making one 
dike unnecessary in that region; and, since a dike system exists which can be 
utilized, in part, in a permanent plan of control, it will obviously be less costly 
to regulate the northern course (of 1851 to 1938) than any southern course, 
including that being followed since the summer of 1938. The latter would 
require a new diking system with costly regulating works to control the floods 
of the rivers draining the southern slopes of the Shantung Mountains, as well 
as the floods of the Huai River. Since these rivers have serious flood problems 
of their own, flood control would be complicated by routing the Yellow River 
that way. The Huai River is notoriously difficult to handle in time of high 

‘flood. 

The fact that the Yellow River has been so altered in its course since the 
preparation of this paper does not mean that the problem of control is essen- 
tially different from that outlined by the writers. The present (1939) course 
of the river is likely a temporary one, although it might be maintained to ad- 
vantage while the former (1851 to 1938) course is being regulated as suggested 
by the writers. Much of this work could be done ‘‘in the dry,” at a great 
saving in costs, and the river then diverted back into the regulated channel from 
the new (since 1938) course. 

Mr. Beardsley asks if it will be practical to fill, with silt, a number of shallow 
lakes and marshes along the old and former diked courses, and thus convert 
these areas into good, arable land. This is quite feasible and desirable. The 
areas are small, however, and confined to narrow strips of land just outside the 
dikes. During the decade 1929 to 1939, a number of siphons were constructed 
for the purpose of drawing silty water from the Yellow River in order to irrigate, 
fertilize, and reclaim just such areas. Experience has shown that these siphons 
need careful watching in order to avoid drawing in fine sand which may suddenly 
appear at the surface of the river, due either to small freshets or to the throwing 
into suspension of bed silt which contains coarser material. Lands have been 
ruined by careless operation of such siphons. The best success thus far has 
been obtained along the lower course in Shantung. Several siphons installed 
in 1936 near Kaifeng had not been in operation long enough to warrant any re- 
marks as to their merits when the war broke out, preventing further experiments. 

However, it is the larger aspect of broad-flooding wide areas during floods 
in order to control the silt that is of major interest. It involves the moving 
of a population estimated at 200 000 from an area of 400 sq miles, every 8 or 
10 yr, into other areas prepared for them, and then fitting the abandoned area 
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for silt deposition and drainage of the desilted water. The feasibility of such 
a plan depends very much on the ability of the Government to relocate and 
raise many towns and villages, giving each suitable protection. Since this 
process would be continuous and accompanied by constant difficulties with 
the population, the writers have hesitated to urge the adoption of such methods. 

Colonel Dent’s analysis of the silt inflow, deposition, and outflow for the 
Shanchow-Chinchang reach is interesting. However, if there is an excess of 
silt leaving a reach during a certain period, it is not certain that this excess is 
due chiefly to tributary inflow. A considerable portion may have been eroded 
from the river-bed. 

The writers agree that for the reach from Shanchow to Mengtsin there will 
not be much difference in the silt inflow and outflow and that whatever differ- 
ence there is will be due to tributary inflow; but for the reach from Mengtsin 
to Chinchang the case is different. Here both deposition and erosion are 
going on at a rapid rate, especially during the flood season. The net result is 
a slow but steady rise of the bed and foreshores. Referring to Tables 7 and 8, 
it will be seen that for the two years 1934 and 1935 the following volumes 
entered and left at Shanchow and Chinchang (in cubic feet of silt): 


Entering at Shanchow.................-- 96 174 900 000 
Nieavin ovat © hin chan gy varies suave) such ys do) 8 co 98 378 890 000 
Excess leaving at Chinchang............. 2 203 990 000 


—or, 82000 000 cu yd. From silt records of the Lo Ho and Chin Ho for 1934 
and 1935 (incomplete during the low-water season), it has been computed that 
these two rivers carried approximately the following silt volumes (in cubic feet) : 


Year Lo Ho Chin Ho 

BOS Air Ruiatey ara acieballe 325 000 000 280 000 000 
LOS 5k eee Us Be 1 750 000 000 770 000 000 
BNO tal eters re cere 2 075 000 000 1 050 000 000 


The total of the two is 3125000000 cu ft, or about 115 000000 cu yd. 
Taking into account other small streams which brought silt into the reach, one 
may say that as much as 150000000 cu yd of silt entered the Shanchow- 
Chinchang reach from tributaries during the 2-yr period, 1934-1935. Hence, 
only 68 000 000 cu yd of silt seem to have been deposited between Shanchow 
and Mengtsin due to the steep slope. This differs considerably from the value 
of 500 000 000 cu yd computed by Colonel Dent. Unfortunately, he did not 
have the Lo Ho and Chin Ho data to guide his judgment. 

Colonel Dent finds it difficult to reconcile the 52 000 000 000 cu ft of silt 
entering the diked section at Chinchang in 1934 (and a similar amount in 1935) 
with the estimated 22 000 000 000 cu ft passing Litsin at the head of the delta 
under a regulated condition. Both 1934 and 1935 must be regarded as more 
than average flow and silt years, however. The yearly average silt volume 
passing Chinchang has been estimated by the Yellow River Commission at 
35 000 000 000 cu ft. Furthermore, the average value of 22 000 000 000 cu ft 
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passing Litsin was based on the Shantung settling basins being in operation; 
but it is quite possible that the silt volume reaching the delta every year may 
be greater than 22 000 000 000 cu ft. If this proves to be the case, the lower 
course will likely deteriorate more rapidly than estimated. The aim of the 
regulation must be to attempt as nearly as possible to bring a silt quantity to 
sea which will bear such a relation to the silt deposition up stream that neither 
the one nor the other deposition will be out of step and thus unduly accelerate 
the superelevation of the river’s course along that reach. 

With regard to the former rise of the river-bed across the plain, the writers 
have mentioned 3 ft per century as an average value, having checked a similar 
figure by Mr. Freeman referred to by Colonel Dent. However, this value has 
been based on the plain outside the dikes as reference; but, obviously, since the 
plain also has had silt deposited on it, the actual rise, with reference to a fixed 
plane, must be greater. If, as has been stated, the average yearly silt inflow 
at Chinchang has been 35000000000 cu ft and the outflow into the delta 
15 000 000 000 cu ft, 20 000 000 000 cu ft per yr have been left behind along 
the diked channel, and on the plain, as a result of dike breaks. The entire 
river channel has thus risen with the plain, but also slowly above the rising 
plain. 

Assuming that 70% of the silt that has been left behind has been deposited 
in the up-stream 200 miles of the river’s lower course (in the channel and on 
the plain), there will have been deposited in 100 yr about 1 400 000 000 000 
cu ft of silt in this locality. From personal investigation the writers know that 
practically all of the silt that flows out on to this plain through dike breaks 
becomes deposited within 30 miles of the dike lines. A section through the 
deposition normal to the river’s course will have, approximately the form of a 
trapezoid, the top being the distance between dikes and taken as 5 miles and 
the base as 65 miles. Deducting 85 000 000 000 cu ft for the 3-ft rise of the 
channel over this 200-mile stretch leaves 1 315 000 000 000 cu ft of silt deposited 
within this section whose height is computed at approximately 6.7 ft. Adding 
to this the former estimate of 3 ft gives a total rise in a century of nearly 10 ft 
with reference to a fixed plane. As the deposition is not regularly distributed 
along the river’s course, there will be some variation from this average depth. 

It is generally during super-floods, such as in 1933, that vast quantities of 
silt become deposited on the plain. During that flood alone from 60 000 000 000 
to 80.000 000 000 cu ft of silt must have found its way to the plain. Following 
the break near Tungchuang in 1935, the silt volume deposited on the plain was 
estimated at 15000000000 cu ft. Added to another large quantity that 
escaped through breaks at Kuantai the same year, probably as much as 
20 000 000 000 cu ft of silt was deposited on the plain outside the dikes in 1935. 
In 1934, through the Kuantai breach, another 15 000 000 000 cu ft of silt 
reached the plain. During these three years alone, from 90 000 000 000 to 
100 000 000 000 cu ft of silt must have been added to the deposits on the plain. 
None of this went farther than 30 miles from the dikes. 

If the calculation for the rise of the plain and the river channel is further 
examined, it will be found that only 20% of the volume left behind appears to 
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be deposited between the dikes, and the remaining 80% is deposited on the 
plain outside. In view of the foregoing estimates of silt volumes which are 
known to have flowed out on to the plain, this is not a surprising deduction. ° 
It is an approximate calculation, but the result cannot be materially altered 
even if the dike distance and the deposition limit away from the dike lines are 
changed 25% either way. It means that approximately 3 000 000 000 cu ft 
of silt are deposited along the river channel between the dikes every year, and 
this quantity is a measure for the efficiency of the river channel, as it has existed 
in the past, to transport silt. 

Colonel Dent asks what will happen if the dike distance is narrowed and 
the dikes strengthened so as to make breaksimprobable. Until river-laboratory 
research work has been conducted to clarify the river’s silt action for wide and 
narrow dike distances, and for different widths of channel under various con- 
ditions of discharge, the writers are not prepared to make any definite statement 
of opinion. It does not seem reasonable, however, to expect a deterioration 
in the river’s capacity to transport silt if the channel is regulated and the dike 
distance is adjusted so as to give the greatest transporting efficiency for silt. 
With regard to the 80% silt quantity (which, under existing conditions, is 
deposited on the plain outside the dikes), the writers have recommended, 
settling basins in Western Shantung, and they have also strongly advocated 
soil-erosion control measures in the up-stream loess areas in order to reduce, 
gradually, the silt masses in the river’s flow. They realize, however, as sug- 
gested by Colonel Dent and Professor Lane, that it may be necessary to have 
another silt-depositing basin along the up-stream reaches of the river’s diked 
course to be used until the up-stream soil-erosion control program becomes 
_effective. They do not believe, however, that it would be wise, at the outset, 
to advocate a system of controlled silt-depositing reservoirs on the plain, as 
this would be likely to stir up strong opposition that would be very difficult to 
overcome. It could only be done in case the soil-erosion control should prove 
an absolute failure, and after the delta has advanced so far as to threaten to 
make the entire lower course untenable. There are social aspects to the 
problem that add to its complexity. 

Colonel Dent wishes a silt-depositing reservoir west of Tungchuang mainly 
for the purpose of getting rid of the coarser silt particles so that the river channel 
down stream, where the slope is flatter, will be able to convey the silt. Theo- 
retically, of course, this is correct. The writers deal with this point in their 
comments on the discussion by Professor Lane and merely wish to state here 
that west of Tungchuang the natural conditions for silt deposition are not so 
favorable as east of that place. The silt-settling basins proposed by the writers 
are so located as to require little construction work to create them and to bring 
the clarified flow back to the river. A deposition basin, however, is possible 
immediately east of the Peiping-Hankow Railway, on the north side of the 
river. The land is low and unproductive at this point, and the population 
not dense; but costly construction works are required. So very important is 
the problem of taking care of excess silt that further studies, both in the field 
and the laboratory, seem necessary for a satisfactory solution. 


1782 TODD AND ELIASSEN ON YELLOW RIVER PROBLEM Discussions 


With regard to the danger of the channel being plugged by silt after a 
freshet, the writers’ opinion is that there may be a danger of plugging during 
a freshet if the flow is exceptionally silt laden. The high elevation of the old 
channel prior to 1851, east of Hsiichow, where Mr. Chatley has had occasion 
to observe it, is probably not due to any plugging after the occurrence of the 
1851 breach. Most likely it is due to the same prolonged silt action that has 
been building up the channels in which the river has been flowing. When a 
breach occurs, the abandoned channel quickly tends to become choked at that 
point, and it is only the nearest 15 to 20 miles that are seriously silted up by 
the rapidly diminishing flow. This was especially noticeable after the Tung- 
chuang breach in 1935. Three months after the break occurred at this point 
there was almost no flow passing down the abandoned river channel. Cross- 
sections showed that 15 miles below the break the bed of the channel had 
retained practically its former elevation and shape. 

Mr. Chatley questions the value of 2 500 000 cu ft per sec as a probable — 
maximum for the Yangtzekiang at Ichang, 400 miles up stream from Hankow. 
One of the writers has had an opportunity to investigate the probable maximum 
discharge of the Yangtzekiang just below Ichang and has found that it is 
possible for the aforementioned discharge to occur. The reason the lower 
stretches of that river do not show a higher discharge is the existence of the 
two enormous lakes, Tungting and Poyang, which act as regulators for the 
Yangtzekiang. Usually, when the flood is heavy from the up-stream regions, 
there are also dike breaks which further aid in regulating the flow. Another 
moderating factor is found in the fact that the tributaries to these lakes are 
in flood late in June, whereas, the most serious floods from the main upper river 
come in late July or August. : 

In regard to the Yellow River delta surveys, both the British Admiralty 
and the German land surveys have astronomical positions close to the coast 
in that region. These surveys have been checked by the more precise surveys 
made by the Yellow River Commission. Positions of the more important 
villages have been compared and found to agree reasonably well, especially in 
latitude. The writers believe, therefore, that the estimate they have made of 
delta advance is fairly reliable. F 

Mr. van der Veen complains that the writers have not given due credit to 
certain previous writers on the Yellow River, notably his countryman, Mr. 
Fijnje van Salverda, who issued a memorandum in 1887. Lack of space made 
it impossible for them to devote any considerable portion of the paper to a 
discussion of former writings, however interesting this might have been. 
They had so much new material to discuss that they referred the interested 
readers to Mr, Freeman’s paper on ‘Flood Problems in China’’ where refer- 
ences to, and discussions of, works on the Yellow River by former writers could 
befound. The writers wrote entirely from their own knowledge and experience 
with the river itself and only referred to such works as, to them, seemed of 
_ sufficient importance to be of distinct value in adding to the hydraulic knowledge 


3 “Flood Problems in China,” by the late John R. Freeman, 7’ransactions, Am. Soc. C. E., Vol. LXXXV 
(1922), p. 1405. 
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of the river. They regard the hydraulic laboratory experiments which were 
made in Germany for the Chinese Government (by a collaboration of Chinese 
and German engineers under the leadership of Prof. H. Engels), as a distinct 
contribution toward improving the knowledge of the Yellow River in spite of 
the fact that they were made without simulating the conditions of the Yellow 
River too well. When the results of these experiments are compared with 
those which eminent engineers such as Freeman and Franzius expected from 
their narrowing in of the dike distance and river channel, then it must be 
agreed that the experimental results gave “some startling indications.” 

Mr. van der Veen is correct in urging better dikes and better dike protection 
for the immediate future, pending a complete solution of the Yellow River 
problem. This is one of the practical aspects of the situation wherein all 
‘western engineers conversant with it agree. In fact, the inadequacy of the 
dike system, its low factor of safety in many places, and its haphazard location 
has brought adverse criticism from nearly every investigator who has had the 
opportunity of making a personal inspection. 

The flood problem of the Yellow River does not end merely with strengthen- 
ing the present dikes, however. To declare that it is merely a diking job is to 
close one’s eyes to the real issue. Mr. van der Veen feels that the writers have , 
explored too many angles of the problem and mentions ‘‘seeing a few particular 
trees but not the forest of which they form a part.’ He would limit the 
problem of Yellow River control mostly to a program of strengthening the 
dikes and banks where the current impinges on them. The writers believe that 
the problem must be attacked from several directions and that an adequate 
dike system is only a part of the remedy needed. The Yellow River problem 
has its roots in the most stupendous and rapid geological transformation process 
which is taking place on this planet—a process which has been created, for 
the most part, by human ignorance and carelessness. Soil has been stripped 
of the cover of vegetation that held it in place, and food-producing plants with 
less soil binding properties have been put on all these highlands that required 
careful treatment. The cultivation of these crops induced erosion which has 
continued without abatement for centuries. To repair the enormous erosion 
damage that has already been done is impossible; but it may be possible to 
retard it appreciably, if not entirely to arrest it. This will be the work of 
decades; and, in the meantime, ways and means must be found to control the 
floods and the silt masses that make the otherwise attractive and fertile Great 
Plain of North China such an insecure place in which to dwell. Most likely 
the Yellow River will always have a silt problem which will be reduced gradually 
in importance with the development of erosion control. The laws of silt 
transportation, as they apply to this river, will eventually be determined in 
suitable field laboratories and will give the river engineer this added power not 
possessed by the mere dike builder. 

The writers have not recommended that dredges be introduced without 
mature consideration. When the channel has been regulated, the use of dredges 
may mean much toward a prolongation of its life. How far out into the delta 
it will be practical to use dredges only experience can prove. This equipment 
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will have to be of a different type than the antiquated bucket dredge, which, 
due to bad seamanship, ran on a silt bank, capsized, and was buried in silt at 
the mouth of the river in the 1890’s. That feat should not be cited as a warning 
to keep dredges from the Yellow River. Unlike the Mississippi, the Yellow 
River scours on rising stages. If dredged cuts are kept open through crossings 
immediately before the flood season begins, it may result in the river scouring 
a channel deeper than otherwise. It is likely that the low-water season’s 
bed-load will be induced to progress down stream more efficiently by dredging 
cuts through bars which act as obstacles, tending to silt up the channel as a 
whole. A judicious use of dredges may prove to be the turning point in pre- 
venting the river from raising its bed due to other causes than prolongation of 
the delta. 

Mr. van der Veen believes that the soil condition of the river banks has little 
to do with groin spacing. In the case of very long groins this is true; but for 
short groins the condition of the soil is an important consideration in spacing. 
This has been the experience of engineers on the Yellow River. 

Mr. Jarvis calls attention to the fact that the Wei Ho is the greatest flood 
producer and silt carrier of the tributaries and hence requires special attention. 
In Fig. 1, the writers have shown possible dam sites for detention basins on 
‘the upper Wei Ho in Kansu, and also on the King Ho and Pei Lo Ho in Shensi, 
these latter being feeders of the Wei Ho. Such detention basins may be of 
great assistance in smoothing out crest flows. It is also in this region that, 
eventually, extensive soil-erosion control work must be constructed, as it is 
one of the critical parts of the Yellow River system, especially in the matter 
of silt flow. The writers have not drawn more attention to the Wei Ho because 
they believe the main river to be in more immediate need of control. The Wei 
Ho silt is of such extreme fineness, being mostly of clay composition, that it 
will not cause the same difficulty along the diked channel as the silt from the 
main river. Therefore, corrective measures on the drainage area between 
Tungkuan and Tokoto in Suiyuan should take precedence over similar measures 
on the Wei Ho drainage area. 

The writers had suggested only one auxiliary flood channel—the Tu Hai 
Ho—or one in its general vicinity. Hills on the southeast bank prevent the 
location of a similar channel on that side of the river from the old Grand Canal 
crossing to a point a few miles up stream from Lokou. It is possible, however, 
to have an auxiliary channel to the south of the river from a point near Lanfeng, 
just east of Kaifeng, to Tungping Lake and then through the Po Ho to the 
main river. As Mr. Jarvis suggests, such channels might aid in maintaining 
capacities in the main river at critical times. In this vicinity there are areas 
that could take large silt storage in filling depressions. 

The writers are highly appreciative of the careful study given this subject 
by Professor Lane and share with him some of the anxieties he has in the matter 
of silt transport and disposition. It is agreed that, aside from handling the 
flood waters and routing them to the sea, there is the closely allied problem of 
controlling the silt or sediment stream. He is entirely in accord with the 
writers in emphasizing the need for the further development of laws governing 
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the transportation of sediment. Professor Lane’s discussion is especially 
valuable since he is able to write not only with a personal knowledge of Chinese 
river conditions, but also with years of experience in the study of silty rivers ~ 
in both field and laboratory. Some of his field work has been in the Huai River 
valley south of the Yellow River. 

Professor Lane intimates that a possible danger in a flood-control and silt- 
control detention basin is that the silt concentration is likely to be a maximum 
when the outflow from the basin has become nearly that of the natural stream. 
Hence the Yellow River course through the plain may be in danger of choking. 
Opinions may differ both in regard to the time of maximum silt concentration 
in the outflow (see Fig. 20) and the possibility of choking. Since it is not pos- 
sible to solve these problems by analytical deductions, the writers have recom- 
mended that they be solved by laboratory experiments, or, preferably, on small, 
silty streams such as may be found in Southern California or Arizona, 

In this connection actual field data from the Yellow River for August, 1934, 
show that the diked river is capable of conveying a flood of about 185 000 cu ft 
per sec, with an 11% silt load, through the entire length of its lower course from 
Taochengpu to the sea without injuring the channel to any marked degree 
(see Item ] in Table 6, Table 7, and Table 4, August 9-20, 1934). Attention 
is called to the controlling influence of the section between Shanchow and 
Chinchang on the silt concentration. It is the Mengtsin-Chinchang section of 
this reach which acts as a temporary storage reservoir when the silt masses 
become excessive. The next depositing area under present non-regulated 
conditions is between the 1851 break and Kaotsun near the Shantung border. 
These two natural storage regions for silt seem, so far, to have prevented the 
silt concentration in the diked river below Kaotsun from exceeding 123%. 
Mr. Freeman records about 10% in 1919 near the Grand Canal crossing. The 
values for August, 1984, in Table 4, are the highest recorded by the Yellow 
River Commission for the lower diked river. It seems quite possible, after the 
channel has become regulated, that discharge of 200 000 cu ft per sec may 
convey a silt load of nearly 20% without serious deterioration of the channel. 

If the Palihutung or Sanmen detention basin project were to be completed 
and the diked channel regulated, one might expect (see Figs. 19 and 20) that 
the maximum silt concentration in the outflow would not exceed 40%. (It 
may even be possible to keep the maximum silt percentage lower than this by 
gates whereby the stages in the basin could be controlled and excessive silt 
scour from the basin thus reduced.) Reasoning from what occurs at present 
along the down-stream channel, one may assume further that the silt concen- 
tration in the outflow would be reduced down stream to about 20% by tempo- 
rary storage between Mengtsin and Chinchang and to 17 or 18% at Kaotsun, 
from which place the flow would continue with the same silt load right through 
the diked channel. There might be some deterioration of the diked channel 
during exceptional floods having very high silt loads; but it seems scarcely 
reasonable to expect that the diked channel at any place would become choked 
and the flow sent over the dikes, since in a regulated channel the silt would 
tend to become uniformly deposited all along the channel. It is also very 


1786 TODD AND ELIASSEN ON YELLOW RIVER PROBLEM Discussions 


probable that the clear outflow from the basin, preceding the scour period, 
would remove considerable silt from the channel between Chinchang and Kao- 
tsun, the same reach where refill would later take place, thus further reducing 
chances of choking. Since not all large floods are as heavily silt laden as that 
of August, 1933 (of which Fig. 20 is an actual record), the channel will again 
improve in time. 

To interpose another silt-depositing reservoir near the up-stream end of the 
diked course is scarcely advisable’ although it may be done in case of need. 
To arrange for such a reservoir would be a formidable technical problem. If, 
in its simplest form, it is made as a lake, through which the river flowed all 
the time, depositing most of its silt there, it would become silted up rapidly, 
even if it had an area of 1000 sq miles. If it were meant to receive the silty 
flow only during the periods of heaviest silt concentration, control works would 
be required both across the main river channel and on the side into the reservoir, 
as well as for the outlet back to the river channel. 

It has been contended several times, in the discussion, that the change in 
slope along the diked channel will affect, materially, the river’s capacity to 
transport a heavy silt load. This may not necessarily be the case. Field 
studies made of the Yellow River indicate that slope changes within the limit 
of those which exist along the diked course are not sufficient to detract seriously 
from the river’s capacity to carry silt. The slope which will begin to affect silt 
transportation seriously will, most likely, be found to be considerably flatter 
than those which exist, especially after the channel has been regulated. Of 
course, there are limits for discharge and silt load beyond which the existing 
slopes will begin to take effect; but the writers believe that these limits, due to 
the fineness of the silt, lie much higher than on other rivers—hence, their 
optimism in regard to the non-choking probabilities in case flood-control and 
silt-control detention basins should prove feasible. 

Under a system of flood-control and silt-detention basins west of the plain, 
there is the objection that nearly all of the silt will be deposited in the sea and 
rapidly make the lower diked course untenable. If soil-erosion control in the 
loess areas is vigorously pursued, however, this objection may not be serious, 
since the erosion control may be expected to bring imposing results within three 
or four decades. Nevertheless, the possibility exists that such control may not 
be sufficiently effective, and the problem arises of how else to handle the silt. 
Professor Lane pointedly draws attention to this and suggests three methods: 


1. Keeping it in place on the water-shed (may not be very effective); 
2.. Taking part out of the river channel and storing it on the plain; and 
3. Carrying a part out to sea and depositing it on the sea floor. 


The writers concur fully with Professor Lane in these suggestions, but at 
the same time they maintain that it is of paramount importance to regulate 
the channel, as without regulation it will be impossible to enforce any other 
control. Nothing can be done with a river which is likely to break loose any- 

' where and which wanders at will over a broad strip of land within irregular lines 
of dikes spaced excessively far apart. The silt problem must be handled quan- 


- 
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titatively, and this can be done first after the channel has been regulated. It 
must be determined how much silt goes to the land, how much is left between 
the dikes, and how much goes to the sea. These quantities should be so pro- 
portioned that they will give the longest life to the entire diked channel. To 
obtain the desired uniformity and quantitative control of deposition in channel, 
outside areas, and sea, it is essential that the entire channel be so regulated that 
there is no chance for any outflanking of the control works. The outflanking 
of the Yung Ting Ho diversion works in 1933 and 1934 was due to the fact that 
the river up stream was unregulated. This and other illustrations of costly 
gambling with silty rivers in North China remind engineers of the prudence of 
stabilizing and regulating these channels. 

It has been suggested that the writers might have considered the matter 
of silt disposal more fully in their recommendation for control measures. To 
do so would have meant, evidently, a quantitative appraisal of silt disposal. 
Data for doing so, unfortunately, are stillinsufficient. Professor Lane suggests 
certain principles along which such silt disposal should be guided, but at the 
same time recommends laboratory research for quantitative determinations. 
To this the writers agree, and here the matter must rest for the time. With 
China at war there seems little opportunity of this research work being under- 
taken in that country. Possibly a way will be found to solve some of these 
problems in the United States so that a comprehensive control of the Yellow 
River will be planned with greater assurance that the element of chance has 
been removed to a very large degree. 

The proposals of Mr. Higgins have been answered in replies to previous 
discussions. ‘The writers believe that they have remarked fully enough on the 
possibility of letting the river “handle its own problem.” They are convinced 
that more control, rather than less, is essential, especially where there is such a 
dense population to be considered. Resourceful though they be, the Chinese 
farmers need direction in matters such as control of Yellow. River floods, because 
these come as great avalanches of water surcharged with mud. Too long, the 
people of China have been victims of these river “dragons.” It is time for the 
entire engineering profession to give the very highest service in its power to 
bring this river under control. It is a task for hydraulic engineers with years 
of intimate river experience. 
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THE RISK OFTHE: UNEXPECTED IN).SUB2 
SURFACE CONSTRUCTION CONTRACTS 


Discussion 
By OREN CLIVE HERWITZ, Esq. 


OREN Crive Herwitz,!® Esq. (by letter).°*—Mr. Newton’s discussion of 
the cases cited and analyzed in the paper was very helpful, for he refers in 
several instances to additional facts which the writer, because of space limita- 
tions, found it necessary to omit; but, with several of Mr. Newton’s observations 
the writer is constrained to disagree. 

Thus, Mr. Newton’s statement that ‘‘an owner who has given the contractor 
inaccurate or incomplete boring information is responsible even if the boring 
information is not made part of the contract’”’ is misleading and incorrect, for 
the Court of Appeals of the State of New York has held that in such a situation 
the owner is responsible only if guilty of bad faith. The Court said (42) :1% 


“Tf, however, notwithstanding the agreement as to honest mistake, damages 
might be recovered from the State for misrepresentations, upon which the bidder 
might rely, the boring sheet was not such a representation. It formed no part 
of the plans upon which the contract was based. It was not prepared or used 
for that purpose. It was an independent bit of information or supposed 
information in the possession of the State to which the bidder resorted in making 
the investigations which it was required to make. If it-relied upon this paper, 
it did so at its own risk. The most it could ask for in regard to this information 
was good faith.” : 


Mr. Newton’s further statement that ‘‘a contractor is not required to make 
surveys, soundings, or borings to determine whether the information given him 
in the contract is correct” is equally misleading, especially when compared with 
his subsequent remark that ‘‘A bidder is not usually required to make borings 


Norz.—This paper by Oren Clive Herwitz, Esq., was published in January, 1939, Proceedings. Dis-- 
cussion on this paper has appeared in Proceedings, as follows: April, 1939, by Messrs. Alonzo J. Hammond, 
Frederick W. Newton, David A. Molitor, F. B. Marsh, and Evan 8. Martin; May, 1939, by Messrs. C. 
Maxwell Stanley, and Francis J. Morgan and Frederick C. Zeigler; June, 1939, by Messrs. Lazarus White, 
and T. Kennard Thomson; and September, 1939, by Carroll A. Farwell, M. Am. Soe E. 


% a Asst. Corporation Counsel, Div. of Contract Litigation, Law Dept., City of New York, New York, 


16a Received by the Secretary November 16, 1939. 


16b Wor reference to numerals in parentheses, see ‘‘Court Citations and References,” in the Appendix 
of the paper and at the end of this discussion. 
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or other sub-surface investigation, particularly if the work has been done by the 
owner.” Mr. Newton’s first statement is too broad, for the Court of Appeals of 
the State of New York has indicated that situations may arise where the con- ° 
tractor might be held responsible for what borings or soundings made by him 
would have disclosed. The Court said (60): 


“He [the bidder] had the opportunity to physically examine the location of 
the work to be done, and if that called for extensive tests, by way of borings and 
soundings, that fact, however troublesome, was one he must take into considera- 
tion. He had presented to him an agreement, which was precise and strict in 
its requirements, and which cast upon him the possible risk that all might not 
be as it appeared, or as estimated by the surveyor. Admittedly, borings and 
soundings would have revealed the imperfect performance of the previous 
grading contract, in the leaving of native rock under the surface of the roadway.” 


Finally, Mr, Newton’s discussion of the cases, in which he makes almost 
constant reference to the wording of particular contract clauses, is inconsistent 
with his earlier statement that “too much emphasis” can be placed on the 
wording of the contract, and that “the facts, not the contract clauses, form the 
real basis” of the Court’s decision. It is the writer’s belief that the language in 
the contract is of primary importance, for that is all that the Court may con- 
sider in determining whether owner or contractor was, by their agreement, 
intended for the rdéle of risk-bearer. That intent, once determined, is con- 
trolling, and the Court is powerless to do anything but enforce it. As the Court 
said in Johnson vs. City of New York (83): 


“In the absence of fraud or mistake, the contract made by the parties, 
however burdensome it may prove in execution, must govern. It is no excuse 
that a party to a contract did not foresee a hardship which its operation might 
entail. It is the function of courts to enforce contracts according to their true 
intent and meaning and neither to mitigate nor relieve against their operation.” 


The proposition that Courts of law, in deciding contract disputes, are doing 
nothing more than enforcing the intent of the parties, as expressed in their 
agreement, is one which laymen find difficult to comprehend. Judges cannot 
make a new contract for the parties; nor can they rewrite a contract so as to 
make it fairer to one party or the other. If (asso many of those taking part in 
the discussion seem to feel) it is unfair and inequitable to make the contractor 
assume the risk of unexpected sub-surface conditions, Court decisions which have 
that result are not the fault of judges but rather of the parties who willingly 
signed a contract containing language to that effect. 

Mr. Martin states that the judicial opinions cited in the paper “‘are not much 
concerned with what is fair but, as a lawyer might say, what is fair ‘in the light 
of the contract.’”’ He is quite right, if by that he means that the Courts can- 
not decide contract disputes upon general principles of ethics or morality. On 
the contrary, the Court’s “hands are tied down” to the standard of ethics and 
morality previously fixed and determined by the parties themselves in the 
contract which they have signed. Although it is true that, in many cases, a 
contractor is compelled by the Courts to bear the loss resulting from an unex- 
pected sub-surface condition, it is only because he assumed that risk in his 


1790 H®BRWITZ ON SUB-SURFACE CONTRACTS Discussions 


contract; and the Courts, much as they might like to, are powerless to relieve 
him of the consequences of his unprofitable bargain. 

When owners, contractors, and engineers realize that the solution of their 
difficulties lies not in catch-all contract clauses, but in a careful choice of 
unambiguous language to express their contractual obligations, there will be no 
occasion to criticize Courts for decisions which simply place the responsibility 
on the party who agreed to assume it. 

Of course, the question as to whether or not it is sound, ethically or eco- 
nomically, for the contractor to assume the risk of unexpected sub-surface 
conditions (with which the discussion was almost exclusively concerned) is one 
which belongs more properly within the sphere of the engineer rather than that 
of the lawyer. There is much force in the arguments of Messrs. Hammond, 
Molitor, Marsh, Stanley, White, Thompson, and Farwell against making the 
contractor assume all the risks. On the other hand, there may be circum- 
stances, as Mr. Farwell points out, under which the owner may feel compelled 
to require the contractor to do so, even if he thereby pays a higher upset price 
for the completed structure in order to cover the contractor’s contingencies. 

It is the writer’s thesis that, whatever may be the decision reached in any 
particular case, the contract should express that decision, clearly and fairly, 
and in no uncertain terms. Ifa contractor is expected by the owner to assume 
all risks, he should be definitely advised of that fact so that appropriate allow- 
ances can be made in his bid. If he is not to bear the risk, it is to the owner’s 
advantage that this also be made clear, for then the bids received will not be 
inflated by the contractors’ fear of the unknown. In either event, neither party 
can have cause to complain or to litigate, for each will know the nature and 
extent of his contract obligations. 

However, this ideal contract, in which there is a “clear meeting of the minds,” 
cannot be wished into existence. The preparation of such a contract requires 
care and precision in the choice of language, a familiarity with the rules of 
contract interpretation, customarily applied by the Courts, and a working 
knowledge of the fate that typical contract clauses have suffered in previous 
legal battles. 

Realizing that in most instances construction contracts are drawn by 
engineers and not by lawyers, the writer hoped that his brief summary of the 
case law on this subject might prove helpful. If the necessity for careful, 
frank, and forthright contract draftsmanship has been emphasized, and the 
means to achieve it suggested, the paper may have served some useful purpose. 

Court Citations and References.— 


(83) 191 App. Div. 205, 181 N. Y. Supp. 137, aff’d 231 N. Y. 564, 132 N.E. 890. 
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EARTHQUAKES AND STRUCTURES 


Discussion 


By JOHN D. GALLoway, M. Am. Soc. C. E., AND 
LYDIK §. JACOBSEN, Esq. 


Joun D. Gattoway,*®® M. Am. Soc. C. E., anp Lypix 8. JaconsmEn,** Esa. 
(by letter).?°*—Some points made by the several writers who have discussed 
this paper seem to require further explanation in order to make the subjects — 
more clear. 

Mr. Hadley seems to doubt the value of the theoretical treatment of design 
of structures to resist earthquake waves, owing to the great complexity of the 
forces. The value of the theoretical treatment lies in the fact that, if the 
treatment is correct, there will result a consistent design of the structure. The 
assumptions are necessarily uncertain and should be simple. However, when 
once made, there is a possibility that the design will be so consistent that no 
part of the structure will be found wanting when subjected to forces of the’ 
shock. It is to be doubted whether Mr. Hadley would advocate designing a 
structure where “good guesses” formed the basis of design. Under such a 
procedure, some brace or other essential member might be left out, and the 
whole structure brought to failure thereby. Experience, such as that indicated 
by the writers, is a guide in making the assumptions upon which theory is 
based, such as the acceleration expressed as a percentage of gravity, which is of 
the greatest value. Once this is determined, theory may be brought in to 
produce a fairly consistent design. The writers must differ from Mr. Hadley 
in his statement that ‘* * * it is not apparent that the weight of the con- 
struction has any appreciable bearing on the matter at issue.”’? The mass of 


Norn.—This paper by Leander M. Hoskins, Esa., and John D. Galloway, M. Am. Soc. C. E., was 
oublished in December, 1938, Proceedings. Discussion on this paper has appeared in Proceedings, as 
ollows: March, 1939, by Messrs. Homer M. Hadley, and R. McC. Beanfield; April, 1939, by Messrs. 
R. S. Chew, Jacob J. Creskoff, and Arthur C. Ruge; May, 1939, by Walter L. Huber, M. Am. Soc. C. E.; 
ea by A. A. Eremin, Assoc. M. Am. Soc. C. E.; and September, 1939, by Henry D. Dewell, M. Am. 
Joc. C. E. 

% Cons. Engr., San Francisco, Calif. 

%6 Prof. of Mechanical Eng., Stanford Univ., Stanford University, Calif. [Prior to his death on Sep- 
ember 8, 1937, Professor Hoskins had persuaded Professor Jacobsen to act for him in preparing the closing 
yomments of this paper. Throughout, the word ‘‘writers’’ is interpreted to mean Messrs. Hoskins and 
alloway, with the understanding that, in the closing discussion, Professor Jacobsen is interpreting his 
cnowledge of Professor Hoskins’ views.] 


%6a Received by the Secretary October 31, 1939. 
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the structure measures the forces set up therein by the earthquake. Reduction 
of mass, with the corresponding decrease in stresses, permits a design in which 
such stresses can be taken care of in a better manner. This remark applies 
particularly to the joints of an articulated structure. In regard to visible 
surface waves in earthquakes, it is suggested that Mr. Hadley examine reports 
of various earthquakes where such waves have been reported. Possibly the 
experience of one excited observer in Tokyo and a quotation from Shakespeare 
would not be considered sufficient to offset the uniform testimony of the 
existence of such waves. 

The comments by Mr. Beanfield constitute an interesting summary of the 
problem from his point of view. The writers are in agreement with most of his 
remarks, but they cannot concur with his positive statement in Item (6) that 
“Tt is a well-established fact that the only proper method of judging earthquake 
intensity is by the kinetic energy method.” It is true that much is in favor 
of this method, and that rationally it has a good foundation, but it has not yet 
become ‘‘a well established fact.” It remains an hypothetical, although a 
plausible, method. 

Suggestion (a) offered by Mr. Beanfield is a rule for computing the ‘‘maxi- 
mum period, acceleration, and dynamical shears,”’ presumably on the criterion 

‘of maximum fundamental mode deflection within the elastic limits of the 
materials, However, the statement that ‘the maximum statical deflection 
* * * [due to 0.1 g] is also approximately the maximum amplitude of its 
transient vibrations’? seems to be without theoretical backing; at least the 
reference given to Timoshenko’s book! does not warrant such sweeping con- 
clusions. Again, under Suggestion (c) the statement that “The natural period 
of a structure ascertained by the foregoing method should not exceed 0.5 sec”’ 
is blunt and arbitrary. 

The writers agree with Mr. Chew in advocating that empirical formulas for 
fundamental periods of buildings be used whenever sufficient observational 
data are available for existing buildings in the vicinity. 

The influence of the non-rigid ground on the periods of a structure is largely 
a matter of guess work even if, as Mr. Creskoff suggests, dominant periods of 
the site had been obtained before the building was erected. For this reason, 
it is questionable what is meant by ‘“‘reasonable accuracy” in the determination 
of the period of a projected structure. The usefulness of Table 2, given by 
Mr. Creskoff, would depend on the designer’s ability to estimate the period 
ratios z , and even then the use of Mr. Creskoff’s table is extremely arbitrary. 

g 

The discussion by Professor Ruge mentions the fact that a closer “tuning 
in” of earthquake frequency with structural frequency is necessary for the 
higher modes of vibration if equal dynamic magnification is to be expected. 
The writers agree with this fact and admit that the absolutely “steady state” 
of vibration, considered in the paper, is so idealized that application to actual 
conditions must be tempered with considerable insight and experience on the 
part of the designer. Professor Ruge also calls attention to the fact that a 


11 ‘*Vibrational Problems in Engineering,” by S. Timoshenko, Rayleigh’s Energy Method, p. 63. 
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large building will interact with, and influence, the ground on which it stands to 

such an extent that the forces of the moving ground are not unlimited. This 

is also in agreement with the view of the writers; moreover, this interactive 

play of a large building with its foundation makes the period ratio a , used by 
g 

Mr. Creskoff as well as by the writers, rather indeterminate. 

Mr. Huber differs from the analysis of the writers which holds only for the 
“steady state’ and in his investigations of the Seal Beach Power Station chimney 
he used the ‘impact theory” as developed by Professor Le Conte. It will be 
recalled that the “impact theory’”’ is based upon the supposition of infinite 
rigidity of a perfectly free rod—that is, a rod without elastic distortions and 
consequently without vibrational properties. One must admit that actual 
structures fall short of approximating these assumptions. In the case of the 
Seal Beach chimney there was an agreement between the observed damage and 
the results of the theory. However, the location of the damage is equally well 
explained by the elasto-dynamic theory if it is supposed that the second mode 
vibration was excited instead of the fundamental mode. Calculations and 
observations make it seem highly probable that the earthquake of March 10, 
1938, excited the second mode of the chimney much more violently than the . 
fundamental. 

The analysis of this particular chimney indicates the difficulties that 
confront an engineer when called upon to determine what caused the damage to 
the structure during the earthquake. Here was the case of a very high and 
heavy chimney held aloft upon a steel frame—a very unusual design, but one 
not entirely unknown. Mr. Huber adopted an analysis based upon a certain 
theory and the observed effects of the earthquake seemed to correspond 
thereto. Another theory probably would have reached substantially the same 
result and also might have justified the recommendation made by the engineer 
that the chimney be reduced in height. No mistake was made in so doing, but 
the writers are of the opinion that the weight of evidence favors the elasto- 
dynamic theory. 

In this connection attention may be called to the fact that the speed of the 
earthquake waves is such that when any structure is encountered, the effect 
would be similar to a blow or sudden impact. The waves move at a speed of 
several miles per second and it is a well-known fact, as in bridges, the suddenness 
of the blow such as from a moving train is of material effect in increasing the 
stresses in the structure. In modern bridge design, impact stresses play a 
material part in the design. The entire discussion indicates the complexity of 
the subject and demonstrates how differences of opinion may arise. 

The writers agree with Mr. Dewell’s suggestion, namely, to amplify the 
statement under the heading ‘Earthquakes and Their Effects: Relation to 
Structures.” The analysis given by Mr. Dewell, of a 220-ft chimney, is also 
very interesting. Again, the moments and shears due to the existence of higher 
mode vibrations will explain Mr. Dewell’s quoted statement, due to I. Hiroi of 
Tokyo, that the damage to a chimney might be located “almost anywhere in the 
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whole height.’ The writers concur with Mr. Dewell in believing it more 
probable that earthquake fractures of free-standing chimneys are due to the 
effects of vibration rather than of impact. 

The substance of the writers’ paper lies in the statements of the vores 
of the problem and the necessity for some simple assumptions that would make 
the problem one in which a consistent mathematical treatment was possible. 
There does not seem to be any material differences among those who have 
discussed the paper, as to the treatment adopted. It may be assumed that 
there is a general approval of the assumptions made by the writers. It is not 
contended that the treatment represents the last word on the subject, but 
rather the reverse is true. As more data are accumulated upon the subjects of 
earthquakes—especially as to the duration of the movement, the acceleration, 
the characteristics of the waves and (which is important) the similarity to 
assumptions that are within the range of mathematical treatment—a revised 
treatment may be possible that will accord with the additional knowledge 
acquired. 


34‘*Prevention of Damage to Engineering Structures Caused by Great Earthquakes,’ by I. Hiroi, 
Paper No. 117, Proceedings, World Eng. Cong., Tokyo, 1920, Vol. 9, p. 25. 
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THEORY "OF “UIMIT "DESIGN 


Discussion 


By A. A. EREMIN, Assoc. M. Am. Soc. C. E. 


A. A, Erumrn,® Assoc. M. Am. Soc. C. E. (by letter).*—In the last half 
of the Nineteenth Century various theories of failures in structural materials 
were developed. However an extensive theoretical and experimental study is 
needed to apply them to the computation of the stability of structures. Devel- | 
opment of the limit-design method based on the theory of failure may be found 
in various practical rules applied to the design of structures. 

The most common application of the limit-design method is in the design 
of foundations for statically indeterminate structures. It is well known that 
foundation deformations do not follow Hooke’s law. Therefore, in each case 
the designer establishes the maximum possible displacement of the footings, and 
computes the factor of stability of the structures in carrying a given loading. 
An interesting illustration of the practical application of limit-design computa- 
tion is in determination of the critical loading carried by a group of piles under 
spread footings. The piles with the least bearing resistance settle faster and 
approach a uniform distribution of loading on all piles in the group, which deter- 
mines the limit-design loading. Computation of the critical loading carried by 
structural details, such as hinges or pins, is often based on practical rules es- 
tablished by the principles of the limit-design method. Likewise, in the design 
of rivet connections the principles of the limit design may be considered. In- 
teresting computations of the distribution of deformations in rivets were shown 
by the late G. F. Swain, Past-President and Hon. M. Am. Soc. C. E.% An 
application of the limit-design method to the computation of the critical loading 
in statically indeterminate structures has been demonstrated by Professor 


Nors.—This paper by J. A. Van den Broek, M. Am. Soe. C. E., was published in February, 1939, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: May, 1939, by Messrs. 
John H. Meursinge, I. K. Silverman, Edward Godfrey, Basil Sourochnikoff, E. Mirabelli, C. M. Goodrich, 
George Winter, and Francis E. Simpson; June, 1939, by Messrs. Joseph A. Wise, Alfred M. Freudenthal, 
Hans H. Bleich, Alfred S. Niles, and A. Floris; September, 1939, by Messrs. L. H. Nishkian, and F. G. 
Eric Peterson; and October, 1939, by E. 8. Fabian, Assoc. M. Am. Soc. C, E. 

55 Associate Bridge Engr., Bridge Dept., Div. of Highways, State Dept. of Public Works, Sacramento, 
Calif. 

55a Received by the Secretary November 8, 1939. 

56 “Structural Engineering: Strength of Materials,’ by G. F, Swain, 1924, McGraw-Hill Book Co., Inc., 
p- 408, 
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Timoshenko.5” Professor Timoshenko has shown that strains in a member 
with stresses above the elastic limit may be expressed by the average modulus 
of elasticity, and a critical loading carried by the structure may be computed 
with the equations based on the elastic theory. 

It is unfortunate that the author, in Cases 1 and 3, has considered the beams 
with constant moments of inertia. In important srtuctures the moment of 
inertia is varied according to the maximum bending moment stresses. Evi- 
dently the economic relation of the limit-design and elastic methods in the 
design of beams with curved haunches will not be the same as that shown by 
the author. 

The elastic theory is advantageous in that it may readily be verified by 
tests, whereas the limit-design method will require greater experimental and 
theoretical study before conclusive results will be obtained. 


57 ‘Strength of Materials,’ by S. Timoshenko, Part II, p. 668. 
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POLLUTION OF BOSTON HARBOR 


Discussion 
By Messrs. F. E. DEMARTINI, AND A. M. RAWN 


F. E. DeMartini,® Assoc. M. Am. Soc. C. E. (by letter).2*—In many 
respects this excellent paper could apply as a description of pollution in San 
Francisco Bay, in California. It may be of interest to outline, briefly the 
situation there. 

Until February, 1939, the untreated sewage of San Francisco was discharged 
to San Francisco Bay through twenty-eight outlets. Approximately half of 
these outlets discharged sanitary sewage and the others discharged storm water 
and varying quantities of sanitary sewage, depending upon the extent and 
intensity of rains. Three of the outlets—North Point, Bakers Beach, and Mile 
Rock—discharged the sanitary sewage from the largest proportion of the city’s 
population. Local nuisances at some of the smaller outlets are critical, particu- 
larly in the ship channel parallel to Channel Street, and in Islais Creek. Sludge 
deposits have been extensive here in the past, resulting in extensive odors at low 
tide. 

In 1932 a 1.0 mgd activated sludge sewage treatment plant was constructed 
by the Park Department, in Golden Gate Park, to reclaim sewage for irrigation 
of park lands and sludge for use as fertilizer. This was the first treatment 
plant of any importance built in the city. 

In February, 1939, the 15.0 mgd Richmond-Sunset Sewage Treatment Plant 
started operation. At times of heavy rains and diluted sewage the plant is 
designed to handle peak flows of 55.0 mgd. This is a primary treatment plant 
for removal of grit, grease, and sludge. Chlorinating equipment is provided 
for the control of odors and disinfection of plant effluent. Briefly the factors 
leading to the construction of this first major treatment plant were as follows: 

Disposal of raw sewage direct to the Bay waters resulted in (1) heavy 
pollution of a number of bathing beaches, (2) unsightly sleek areas, and (3) 
floating sewage solids and odors at many points along the bulkhead line on the 


Norn.—This paper by Arthur D. Weston and Gail P. Edwards, Members, Am. Soc. C. E., was pub- 
lished in March, 1939, Proceedings. Discission on this paper has appeared in Proceedings, as follows: 
June, 1939, by E. Sherman Chase, M. Am. Soc, C. E. 


8 Associate Public Health Engr., U. 8. Public Health Service, Cincinnati, Ohio. 
8a Received by the Secretary November 6, 1939. 
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water front. Practically all areas from which clams and oysters had been 
taken on the San Francisco side of the Bay were closed by the California State 
Department of Public Health in recent years due to increasing pollution of the 
Bay waters. 

The complacent attitude of the city toward this pollution of San Francisco 
Bay underwent a gradual change starting about 1931. Investigations by the 
city and State health departments were the principal stimuli to the new view- 
point. These investigations definitely indicated the gross pollution at Bakers 
Beach, Aquatic Park, and Yacht Harbor in the Marina. These recreational 
areas are used extensively by large numbers of people. 

Conditions at China Beach were studied by the California State Department 
of Public Health in connection with a project to make the beach and adjacent 
lands a State and city park. Shortly thereafter a bacteriological study of the 
bay waters along the northerly and westerly shore line of the city (from pier 45 
to the Funston Life Guard Station) was undertaken for one year by the San 


Francisco Department of Public Health. Both of these investigations indi- © 


cated the serious extent of the pollution and the magnitude of the problem 
involved in its elimination. By 1934 interest had been aroused to such an 
extent that a board of consulting sanitary engineers was appointed by. the city to 


study the problem of treatment and disposal of sewage from the city and county _ 


of San Francisco. In May, 1935, this board submitted a report and recom- 
mendations to the city. 

A comprehensive plan was presented providing for the concentration of the 
city’s sewage at a few points and for treatment of sewage before disposal into 
San Francisco Bay and the Pacific Ocean. In accordance with this plan sewage 
from the Marina District has been pumped to the North Point Outlet since 
1937, and the Richmond Sunset Sewage Treatment Plant was completed in 
February, 1939. The sewage from Bakers Beach District, Richmond District, 
and Sunset District is treated at the new Richmond-Sunset Sewage Treatment 
Plant, prior to disposal into the Pacific Ocean at the Mile Rock Outlet. These 
developments will greatly improve conditions at a large number of small 
beaches and particularly at the Marina, Bakers Beach, and China Beach. 

In addition to San Francisco there are a large number of communities dis- 
charging raw sewage to San Francisco Bay. A few places, among which are 
Burlingame, San Mateo, Palo Alto, and Petaluma, have built treatment plants, 
but there remain a large number of places that are seriously polluting the bay 
waters. There is no doubt that the program undertaken by the city of San 
Francisco, involving the expenditure of several million dollars, will have a 
salutary effect on the attitude of these communities toward elimination of their 
pollution load from the Bay. 

Many details of the studies reported by the authors for Boston Harbor and 
the general recommendations for treatment and improvements are strikingly 
similar to those of the San Francisco Bay area. 

» Corrections for Transactions: In Proceedings for March, 1939, page 384, line 
13, change ‘76 086 gal” to “76086 million gal’; page 388, line 31, delete 
“North”; page 390, lines 13 and 14, delete the clause ‘which extends from Deer 
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Island Pumping Station to the vicinity of Deer Island Light.” Page 395, line 
22, change “ground” to “water’’; and, in the caption of Fig. 8, change ‘“Am- 
monia” to “Free Ammonia.” 


A. M. Rawn,? M. Am. Soc. C, E. (by letter).2*—The authors’ description 
of the investigation of the pollution of Boston Harbor and of corrective meas- 
ures proposed raises a point or two in the writer’s mind which, in connection 
with a problem of this nature, may merit some discussion. 

It is not stated in the narrative whether the tubes from which data were 
gathered for preparation of the ‘‘isocols” in Fig. 9 were set immediately after 
the samples of mixed sewage and sea water were taken, or were iced and set 
later. The procedure here may have an important bearing upon conclusions 
because of the fact that sea-water plankton destroy bacteria quite rapidly, and 
time becomes an important factor in arriving at the number of tubes positive. 
This is well illustrated in Fig. 12. If the samples were set immediately after 
they were taken, the “isocols’” shown in Fig. 9 may be said to represent a 
fairly true degree of pollution. However, if they were iced and set some hours 
later, a situation more aggravated than that shown in Fig. 9 might exist. 

As an alternative to discharging sewage at the Graves, the authors propose 
plain subsidence works for the Boston Main and the North and South Metro- 
politan Sewerage Systems. It is not clear to the writer that construction of 
plain subsidence works at the points indicated by the authors, followed by the 
discharge of settling-tank effluent at present outfalls, will have any great 
effect upon the spread of contamination over the surface of Boston Harbor 
waters. In all probability, it will prevent the washing of objectionable mate- 
rial identified as of sewage origin on to the beaches; but the sewage discharged 
at or near the surface or through the sea outfalls, at present locations, will 
probably spread over and pollute as great an area within the harbor as is now 
the case with discharge of raw sewage. The fact that the harbor mud is 
polluted to the extent indicated in the authors’ description seems to testify 
that a large proportion of the suspended material in the sewage settles quite 
promptly in the comparatively still harbor waters, as is to be expected. Such 
being the case, surface pollution, even at the present time, must be due largely 
to the spread of mixed sewage and sea water from which much of the suspended 
matter has settled. The writer’s criticism is entirely invalid if plans con- 
template the sterilization of the effluent prior to final disposal. 


® Asst. Chf. Engr., Los Angeles County Sanitation Dists., Los Angeles, Calif. 
8a Received by the Secretary November 17, 1939. 
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DESIGN OF CIRCULAR CONCRETE TANKS 


Discussion 
By GeorGE S. SALTER, M. AM. Soc. C. E. 


Georce S. Satrrer,*® M. Am. Soc. C. E. (by letter).4°*—It has often been 
noted that one of the chief values of a paper is that it brings out some inter- 
esting and instructive discussions. Several such discussions were presented 
on this paper. 

Messrs. Silverman, McCormick, Moorman, and Young each brought out 
clearly, and correctly, that the solution of Equation (10) is nothing new. In 
this regard the writer wishes to stress the fact that the paper was conceived 
in the studies made on the design of a particular type of tank—settling tanks 
for sewage treatment which were 126 ft in diameter with water depth of only 
12 to 13 ft. A study of the English literature on the subject gave very meager 
information on design for tanks of this proportion as, in most cases in the 
solution of Equation (10), the value of the arbitrary constants A and B had 
been assumed as equal to zero. Preliminary studies indicated that such an 
assumption led to results considerably in error and thus the primary purpose 
of the studies was to evaluate these constants for the conditions as stated in 
the paper. It was found that the values of these constants were of considerable 


2 
importance for tanks in the lower range of values of = This is indicated 


clearly in Fig. 2. Since the publication of the paper it has been brought to 
the writer’s attention that apparently a considerable part of the work had 
been done previously and that various graphs had been presented, chiefly in 
German publications, some of which are practically the same as some of those 
given in the paper. 

Mr. Rosengarten suggests the use of pre-stressed rings at the top of the 
wall in order to simplify the design. This method, and also the method of 
using a pre-stressed band for the entire height of the wall, were studied; but 


Norz.—This paper by George S. Salter, M. Am. Soc. C. E., was published in March, 1939, Proceedings. 
Discussion on this paper Pe appeared in Proceedings, as follows: May, 1939, by Messrs. Carl A. Rosen- 
arten, and I. K. Silverman; and June, 1939, by Messrs. Frank J. McCormick, H. B. Muckleston, Robert 
. B. Moorman, Dana Young, L. J. Mensch, Jens Egede Nielsen, Lloyd S. Dysland, Basil Sourochnikoff, 
and Regis F. Fey. 
Subway Structural Designer, Subways and Traction, Chicago, Il. 


45a Received by the Secretary November 14, 1939. 
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it was found that they were patented features and also of doubtful savings for 
the conditions that prevailed. 

Messrs. Muckleston, McCormick, Silverman, and Young have stated that 
the method is not strictly exact in that the value of Poisson’s ratio has been 
neglected. The writer neglected this factor intentionally and made other 
assumptions as mentioned by Messrs. Muckleston and Young in order to 
simplify the mathematical work. It was not believed that any of these as- 
sumptions were of great importance. The word “exact’’ was used by the 
writer in contradistinction to the approximate methods used when the arbi- 
trary constants A and B were assumed equal to zero. Mr. McCormick goes 
on to show that for all practical purposes the assumptions made, although not 
exact, may be justified. 

The writer agrees with Professor Moorman that Equation (17) would be 
understood more clearly if written as he suggests in Equation (30). Equations 
(82) and (83) are more exact and should be used instead of Equations (18) 
and (19). Professor Moorman also shows that there is a close agreement 
between the results secured by the writer’s method and that given by W. S. 
Gray. They should agree as the basis for the two methods appears to be 
the same. 

Mr. Young reveals, clearly, the importance of considering how closely ° 
the actual conditions conform to those assumed in the analysis. Probably 
the most important of these conditions is the restraint at the base of the wall. 
If the base of the wall is not fixed the values of the moments, shears, and ring 
tension will be changed materially from those obtained under conditions of 
fixed base. He also mentions that the analysis may be simplified considerably 
when the value of @ is greater than z. This simplified analysis has been 
presented earlier by Smith, Rasmussen, Leeper, and others. The writer, as 
stated before, was interested primarily in tanks of proportions whose 6-values 
were close to, or less than, 7. 

Mr. Dysland’s data on estimated savings for the fixed-base tank over the 
same tank designed for hoop tension only are similar to some studies made 
by the writer. As the studies made were preparatory to the design of two 
batteries of sixteen tanks each it will be seen that the total savings would be 
considerable if Mr. Dysland’s data were even approached. 

Previous to the plotting of Fig. 3 the writer made up diagrams showing the 
moment at any height of the wall for the same 6-values as given in Fig. 4. 
From these diagrams the point of inflection is found readily. 

It was not intended to infer that the method could be used for either internal 
or external loading to any partial height of the wall. The conditions assumed 
in finding the values of the arbitrary constants state that the moment and 
shear at height H are zero. This condition obtains only when the loading 
extends to, or reasonably close to, the top of the wall. 

Mr. Mensch states the problem and its answer, correctly, in that American 
literature contained very little on the subject of design of large-diameter 
shallow tanks and that the writer’s method was developed to design a tank of 
these particular proportions. A difference of opinion appears to exist as to 
how much confidence designers will have in such theories, It was hoped that 


o 
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if the method met with the general approval of those who did follow the 
analysis the method would be of some value in the relatively limited field 
to which it particularly applies. It might be added that thirty-two tanks, 
126 ft in diameter, with a water depth of 12.5 ft, and eight tanks, 75 ft in 
diameter, and water depth of 14 ft, were so designed and built and are now 
(1939) in successful operation. 

In conclusion the writer wishes to thank all who have added to the value of 
the paper by their discussions. 
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FLASH-BOARD PINS 


Discussion 


By JOHN E, FIELD, M. Am. Soc. C. E. 


Joun E. Frerp," M. Am. Soc. C. E. (by letter).“*—In pointing out the 
ses and desirability of the pipe-supported, collapsible flash-board, this paper 
3 so complete that little remains to be added. The authors are to be com- 
nended for the great care with which their research was conducted, and to be 
ongratulated for the very practical conclusions made available to the engineer- 
1g profession. ‘The writer has used, and caused to be installed, such flash- 
oards in the spillways of canals and reservoirs, but until he was furnished 
ith advance information and data by the authors, he has hesitated in recom- 
1ending them unless installed under his personal supervision. 

Spillway costs are no inconsiderable part of the entire cost of a dam, and ~ 
ith “fool-proof” collapsible flash-boards that cost is reduced materially and 
uch of the valid objection to flash-boards in spillways will be answered 
atisfactorily. 

The writer has seen many, and has installed some, collapsible flash-boards 
ependent more or less on mechanical operation, and his remembrance is that 
»w were successful and reliable. 

If the dam and spillway are close to a power-plant where experienced men 
re available at all hours, and especially where there are telephones to give 
arning of approaching floods, mechanically operated flash-boards in spillways 
an be tolerated. 

The publication of the paper is opportune as records of the size of maximum 
oods have been considerably changed in the last few years; and ideas of what 
onstitutes necessary spillway capacity have been greatly altered, with the 
sult that the capacity and cost of spillways have been increased materially. 
[any existing spillways, heretofore considered to be of ample capacity, must 
e increased in size to conform to the probable maximum flood as determined 
y the later data. 


Norr.—This paper by Chilton A. Wright and Clifford A. Betts, Members, Am. Soc. C. E., was pub- 
shed in May, 1939, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
ovember, 1939, by Messrs. William P. Creager, Lincoln W. Ryder, and E. T. Schuleen. 


Cons. Engr., Denver, Colo.; Engr. Examiner, PWA, Washington, D. C. 
lle Received by the Secretary November 6, 1939. 
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The failures of more than 100 dams in New England, New York, and New 
Jersey, in March, 1936, were due to inadequate spillways and are a forceful 
argument for the re-examination and change in the design of existing spillways. 
An increased depth by lowering the floor or lip of the spillway with collapsible 
pipe-supported flash-boards, installed to maintain the necessary height of 
water in the reservoir, will often be the answer to the new problem. 

Two valid objections to an uncontrolled spillway are the probable loss of 
stored water, and the difficulty of. stopping the outflow after the danger point 
has passed. These objections can be met in part by so selecting the pipe sup- 
ports that those most accessible and easily replaced will fail before others. 
The authors have studied a flash-board so designed that the upper part collapses 
at a predetermined height of water and the lower part at a higher stage of water 
level. For a narrow spillway, pipe set horizontally in sockets, in both of the 
concrete abutments, could be made to support an upper portion of the flash- 
board independently of the lower portion, and would be free to swing down 
stream on hinges at the abutments. Local conditions will suggest many 
variations in the details of the design all based on the fundamentals shown in 
the paper. The writer has found this type of flash-board very satisfactory in 
canals, and the description of one actual problem may be of interest. 

The cross drainage was taken into the canal primarily to secure the water 
for storage and also to obviate an expensive culvert or overshot. The cross 
drainage water from moderate rains could be carried by the canal; but storms 
were quite common during which the storm water would be in excess of the 
capacity of the canal to carry it. The proper location for the spillway was at 
a rock cut, up stream from the cross drainage channel; the lower bank of the 
canal was cut down to a level 2 ft below the high-water line and pipe supported 
flash-boards installed in the cut. They were designed to collapse when the 
water rose 1 ft above the high-water line so that when the pipe failed the waste- 
way would carry a depth of 3 ft of water equal to the maximum estimated 
inflow from the cross drainage. Under certain conditions the flood water will 
flow up the canal and be discharged through the spillway; this prevents an 
excessive flow below the point at which other cross drainage is probably entering 
the canal. The plans called for three such wasteways although the canal was 
provided with a regular wasteway with its floor somewhat lower than the bottom 
of the canal. This wasteway was provided with slide gates and hand-operated 
lifting devices. 

In 1905, before the pipe-supported flash-boards were proposed, the writer 
provided wasteways in one large canal by cutting the lower bank, but in lieu 
of collapsible flash-boards a low earth dam was placed in the spillway. This 
dam had a crest level 1 ft above the high-water line and washed out whenever 
overtopped, thereby relieving the canal of its excess of cross drainage water. 
This design was considered “fool-proof,’”’ certain in operation, and easily re- 
placed. The writer is now wondering why he did not think of pipe-supported 
flash-boards in this case; and he would have profited greatly had the contents 
of the paper been available to him at that time. 
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COMBINING GEODETIC SURVEY METHODS 
WITH CADASTRAL SURVEYS 


Discussion 


By WILLIAM L. SAWYER, Assoc. M. AM. Soc. C. E. 


Wituram L. Sawyer,’ Assoc. M. Am. Soc. C. E. (by letter).”2—Mr. Berry’s 
paper is an excellent description of an extended survey, including geodetic and 
cadastral methods, which, until recently, were rarely associated. From the 
manner in which these were correlated, it is evident that careful planning was a 
necessary preliminary to undertaking the work. This paper may well serve as 
a reference for any Federal, State, or political subdivision which is undertaking 
an extended survey, especially where cadastral surveys are involved. 

The economy claimed by the author in the execution of the work is not to be 
disputed. In this connection it is gratifying to note that the cadastral points 
were defined in terms of plane rectangular co-ordinates on the Lambert con- 
formal projection, thus tying the cadastral surveys to a system by which lost 
corners may be easily recovered or replaced with precision. Thus the economy 
to be realized by the many advantages of plane rectangular co-ordinates will 
be extended into the future. Philip Kissam, Assoc. M. Am. Soc. C. E., has 
discussed these points in an excellent manner.® 

The writer doubted the advisability of using 7-in., 0° 0’ 10’ repeating 
theodolites as direction instruments on second-order triangulation until noting 
the results of triangle closures in Fig. 8. The requirements of the U.S. Coast 
and Geodetic Survey® for second-order triangulation angles are, for average 
triangle closure, 0° 0’ 3’’, except that an effort should be made to keep the 
average closure down to 0° 0’ 2”5, and that the maximum closure should 
seldom exceed 0° 0’ 6’’.. With one exception (arc Kettle 3”38) the triangle 
closure is less than 2”5. The maximum triangle closure ranges from 4"45 


Notr.—This paper by Carl M. Berry, Assoc. M. Am. Soc. C. E., was published in September, 1939, 
Proceedings. This discussion is printed in Proceedings in order that the views expressed may be brought 
before all members for further discussion of the paper. 

7 Associate Prof., Cive Eng., Coll. of Eng., Univ. of Florida, Gainesville, Fla. 

7a Received by the Secretary November 10, 1939, 

8‘*Proposed Improvements for Land Surveys and Title Transfers,’’ by Philip Kissam, Proceedings 
Am. Soe. C. E., April, 1939, p. 573. 

6 Special Publication No. 145 (Manual of Second and Third Order Triangulation and Traverse), 
U. 8. Coast and Geodetic Survey. 
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to 7”64. In the opinion of the writer these results are worthy of note, 
considering the program of observing used. Doubtless, the accuracy obtained 
is due primarily to two points given in the conclusion and emphasized herein: 
The use of high-quality instruments and the selection of the best qualified 
personnel. The writer doubts the advisability of attempting second-order 
and third-order triangulations by the program outlined in the paper, except 
for those surveying organizations best equipped in personnel and instruments. 
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EFFECTIVE MOMENT OF INERTIA OF A 
RIVETED PLATE GIRDER 


Discussion 


By Messrs. WILLIAM R. OsGoop, CLYDE T. Morris, B. R. LEFFLER, 
E. Nemt W. LANE, LEWis E. Moore, W. E. BLACK, 
AND L. E. GRINTER 


Wituiam R. Oscoon,! M. Am. Soc. C. E. (by letter).4*—In discussing the 
interesting and valuable paper by Professors Lilly and Carpenter, it may not be 
out of place to call attention to a paper by Friedrich Hartmann.® This paper 
treats the question theoretically and discusses a test made in 1891 in the light 
of the theory. Professor Hartmann comes to the conclusion that in the ab- 
sence of considerations of fatigue, girders of symmetrical cross sections may be 
designed safely on the basis of gross moment of inertia. In the case of an 
unsymmetrical cross section with a heavier compression flange than tension 
flange, however, deductions should be made for the rivet holes in the tension 
flange. 

The authors state that loads causing flange stresses of 30 kips per sq in. 
gave no indication in the strain readings of permanent set. Was any such 
indication noted in the readings of deflection? 

It seems quite possible, as the authors suggest, that the condition of the 
holes in the web and flange angles might account for the observed strain lines 
around these holes. It is likely that severe initial strains due to punching 
existed around these holes, and also, if the holes were not completely filled by 
the rivets, higher strains under load would be expected than otherwise. The 
strain lines might appear in the upstanding legs of the flange angles and not 
in the outstanding legs because the latter were connected to plates with drilled 
holes. The drilled holes would probably tend to a less erratic variation of 
strain in the plates, and this tendency would affect the strain in the connected 


Nors.—This paper by Scott B. Lilly, M. Am. Soc. C. E., and Samuel T. Carpenter, Assoc. M. Am. 
Soc. C. E., was published in October, 1939, Proceedings. This discussion is printed in Proceedings in 
order that the views expressed may be brought before all members for further discussion of the paper. 

4 Materials Engr., National Bureau of Standards, Washington, D. C. 

40 Received by the Secretary, October 25, 1939. 

5 ‘‘Sollen genietete Traiger mit Beriicksichtigung der Nietschwachung berechnet werden?” von Friedrich 
Hartmann, Der Stahlbau, Vol. 12, February 17, 1939, p. 25. 
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legs of the angles in the same way since strains in adjacent connected parts 
cannot be wholly independent of each other. 

The authors state that it was their intent to obtain knowledge of the 
action of a plate girder under working conditions. Knowledge of the maximum 
load a girder can carry and the type of failure, particularly the behavior of the 
compression flange, is also so important that it would have been fortunate if 
this additional information could have been obtained for the girders tested. 


Crype T. Morris,® M. Am. Soc. C. E. (by letter).°*—Professors Lilly and 
Carpenter are to be commended for the care with which their investigations 
were conducted and the completeness with which they have published the data 
secured. Experiments of this kind are important in extending the knowledge 
of strength of materials and confirming practical methods of design. 

Presumably, the observed fiber stresses given in Column (6), Table 3, were 
computed from strain gage readings and, therefore, represent the average fiber 
stress over the 10-in. gage length. For girders PT-1 the holes in the outstand- 
ing legs and cover plates were spaced 5 in. apart, and therefore two holes would 


be included in the 10-in. gage length. Counting the holes as ii in. square (in- 


stead of rn which is on the safe side, the computed average fiber stress is 


1 
10 
the ha were spaced 23 in. apart and the computed average fiber stress is 


ix x= 5 x (Net I) stress + 83 X (Gross I) stress | . For girders PT-2 


io | 4 axe 5X (Net I) stress + 74 X (Gross I) stress |. 


TABLE 5.—Stresses In Borrom FLANGES 


From Tass 3 ComrputTep 1n Tuis Discussion 
Girder Observed Column (6) 

Column (10) | Column (14) _PT-1 PT-2 

I¢ In 5-in. pitch 23-in. pitch 

PT-1 PT-2 ; 

B-1 17.2 1 19.1 19.8 17.52 17.83 
B-2 18,4 20.8 19.7 20.9 18.73 19.06 
B-3 19.1 1 20.2 21.0 19.43 19.76 
C-1 17.2 a 18.2 19.2 17.52 17.83 
C-2 18.4 20.8 19.6 20.3 18.73 19.06 
C-3 19. 21 19.9 20.9 19.43 19.76 


Table 5 gives the stresses in the bottom flanges taken from Table 3 and as 
computed by the method just given. In every case the observed average 
stresses given in Column (6), Table 3, are greater than the computed stresses 
using the foregoing method, and are only slightly smaller than the stresses using 
the net moment of inertia. 


6 Prof., Civ. Eng., Ohio State Univ., Columbus, Ohio. 
6s Received by the Secretary November 3, 1939. 
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From these tests the writer would draw the conclusion that the customary 
method of design, using the moment of inertia of the net section with the 
neutral axis at the center of gravity of the gross area (Column (14)), gives results 
only slightly on the side of safety, and that the use of the moment of inertia of 
the gross section (Column (10)), as recommended by the authors, is dangerous. 


B. R. Lerruer,’? M. Am. Soc. C. E. (by letter).77—Conclusion 5 of this 
paper—that for ordinary girders, under usual loadings, the tests indicate the 
acceptability of the gross moment of inertia for design purposes—is fallacious, 
and the writer will attempt to show where the false reasoning occurs. 

For many years structural engineers have known that the calculated de- 
flection of the ordinary plate girder, using the moment of inertia of the gross 
section, gives results which correspond closely to the results found by testing. 
The false reasoning lies in assuming that deflection is a true indication of stress 
in a riveted girder. 

To understand the meaning of what follows, it should be remembered that 
the deflection of a plate girder is caused principally by the shortening of the 
compression flange, and the lengthening of the tension flange. 

To show the fallacy more clearly, consider a bar, 100 ft long, 6 in. wide, and 
0.5 in. thick, with a 1-in. hole at the middle and on the axis of the bar. If the 
bar were stressed to a given amount, a certain total stretch of the bar would be 
obtained. Now, if a similar bar of the same quality of metal, without a hole in 
it, were stressed to the same amount, the total stretch of this bar would not 
differ appreciably from that obtained for the bar with a hole in it; the longer the 
two bars, the closer would be the agreement in the total stretching. Consider 
the bars as reduced to a length of 1 ft, the hole still remaining in one of the 
bars: It is probable that the total stretch in the two short bars would differ 
considerably. 

If the investigator confines himself to bars 100 ft long, he would be justified, 
apparently, in concluding that a hole in a tension bar does not weaken the bar. 
This reasoning is entirely as valid as the reasoning leading to Conclusion 5. 
In fact, the writer regards most static tests on riveted structural parts to be of 
little value as a guide to correct designing, particularly if most of the stress is 
caused by a live load. 

The fact is that engineers have not yet learned how to design, correctly, a 
simple tension bar with one hole in it when such a bar is subject to frequent live 
loads. Even a tension bar without a hole cannot have a uniform distribution 
of stress, for the reason that any rolled material is subject to surface defects 
which act as stress raisers. About all that is known about a bar under tension 
is the amount of average stress across the bar.® ° 

Had the authors subjected the plate girder to an enormous number of 
repetitions of live load, they probably would not have reached Conclusion 5. 

7 Engr. of Bridges, N. Y. C. R. R. Line West of Buffalo, Cleveland, Ohio. 

7a Received by the Secretary November 6, 1939. 

8‘'Tension Tests of Large Riveted Joints,” discussion by Wilbur M. Wilson, M. Am. Soc. C. E., 
Proceedings, Am. Soc. C. E., October, 1939, p. 1452. 


9‘Patigue Tests of Riveted Joints,” by Wilbur M. Wilson and Frank P. Thomas, Eng. Experiment 
Station, Bulletin No. 302, Univ. of Illinois, 1938. 
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The ultimate average unit stress in any tension member can be determined 
only by the use of repeated loads, varying through a wide range of values. For 
a polished small specimen, the average unit stress will approximate the actual 
maximum unit stress; but such polished material is never used in actual 
structures, 

The value of the average unit stress is a function of the range of stress and 
the number of applications. For a standard, Messrs. Wilson and Thomas? 
selected 2,000,000 applications. The average unit stress which produces 
failure after 2,000,000 applications is the ultimate strength of the material. 

The authors have placed too much emphasis on the experimental location of 
the neutral axis. The location of the neutral axis can be varied over quite a 
wide range without materially affecting the results of calculation of stress in a 
plate girder, particularly in a deep girder. The internal resisting moment must 
equal the external moment. This internal resisting moment is a couple, the 
arm of the couple being the distance between the centers of gravity of the 
compressive stresses and the tensile stresses. The neutral axis is nothing but 
a dividing point between the compressive stresses and the tensile stresses; and 
this point is at the apexes of two triangles, granting the usual theory of flexure 
of a bent beam. Hence, a considerable variation in the location of the neutral 
axis can be made without affecting, to a great extent, the arm of the internal 
couple. It is to be remembered, also, that the sum of the internal tensile 
stresses must equal the sum of the internal compressive stresses, and this fact 
alone is of much more importance than the exact location of the neutral axis. 

The paper may lead to erroneous specifications. The desire to save metal 
and simplify the designing of a riveted plate girder is a strong inducement to 
consider Conclusion 5 as valid. 


E. Newz W. Lane,” Jun, Am. Soc. C. E. (by letter).°"—The importance 
of such basic experimental evidence as that supplied by the authors is seldom 
appreciated properly. -Engineers, like men in other scientific groups in the 
search for truth, delve into detail to such an extent that sight is often lost 
of the major theme. Naturally this lays a weaker foundation in the form of 
an increased number of assumptions necessary to proceed with further detail. 
Messrs. Lilly and Carpenter have done a good job of attracting the attention 
of the profession to a major theme of structural design. 

There has been considerable argument as to the relative merits of de- 
signing plate girders on the basis of the gross or net moment of inertia; and 
the younger, more inexperienced, and generally theoretical minded portion 
of the profession have tended to favor the more complicated and less accurate 
design procedure. 

It is more or less common among structural engineers to use the gross 
moment of inertia in computing deflections because it will generally give a 
more reliable result than will the use of the net value. The authors have 
proved the experience that neither is exactly correct and that the users of 
the gross moment of inertia are nearly right. The experience of field engineers 


1 Junior Engr., U. 8. Dept. of Interior, National,Park Service, Eng. Div., Omaha, Nebr. 
100 Received by the Secretary November 6, 1939. 
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with full-sized girders under actual working conditions serves as further 
corroboration that the gross moment of inertia is nearly correct within the 
elastic or design range. 

Use of the net moment of inertia has led to additional safety at the expense 
of appreciable economy, a false idea as to design accuracy, and a misrepre- 
sentation of the stress distribution. 

The fabricating methods now in use are the best that can be obtdined at a 
reasonable cost. For this reason, riveted plate girder flanges will always 
consist of many small areas (adjacent to the rivets) of high stress restrained 
and stiffened by surrounding areas of low stress. .It should be emphasized 
that use of the girder causes a plastic flow of the metal at points of extreme 
stress that makes the girder more capable of withstanding repeated loading. 
Drilling of members in place and the use of turned bolts is a dream for any but 
unusual conditions. Welding, although a step in the right direction for con- 
tinuity and distribution of stresses, has evils of its own that limit its use. 

The authors are to be commended for including the effect of diameter and 
pitch of flange rivets in their proposed formula for the effective moment of 
inertia. However, the writer would like to see the authors’ studies include 
the effect of various ratios of fabrication—such as, depth to span length, web 
thickness to depth, and flange area to web area. 


Lewis E. Moorz,! M. Am. Soc. C. E. (by letter).1“—The experimental 
determinations were made by measurements of deflection under varying condi- 
tions and certain conclusions are drawn, particularly with regard to design, 
that seem to call for discussion. 

According to the laws of mechanics, deflections and flange stresses in a beam 
are interdependent, and, in general, therefore, the deflections should be in 
proportion to the average flange stresses. By average flange stress is meant the 
average, considering not only gross and net areas, but the proportion of length 
which each governs; in other words, it must be a weighted average. 

Considering the ordinary plate girder, the net area of a flange governs only 
on a plane perpendicular to the flange and passing through the centers of the 
rivet holes. If this plane is pushed parallel to itself along the axis of the flange 
the net area will increase until, when the plane becomes tangent to the rivet 
holes, it becomes equal to the gross area. This gross area will govern until the 
plane becomes tangent to the next set of rivet holes. A simple method of 
obtaining the average flange area is to compute the volume of the flange be- 
tween successive clusters of rivets, less the volume of the rivet holes. Using 
the girder of the experiments, and omitting the web, the 5-in., flange rivet 
spacing yields the following: 


Description Area, in square inches 
2, 23-in, by 23-in. by #-in. angles. ............-..--- 2.38 
OMG =ITSMDy et =lie PLATO MMA dae aoiieces eee Net tastes 1.50 
1 Soe yg ls Ol be Ree denne re. eyelet atedel Wetdete okt: 2.00 
(GTOBAVAT OH ee ee yet Gee eaten ea, sere che et 5.88 


11 Cons. Engr., Boston, Mass. 
lle Received by the Secretary November 6, 1939, 
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The gross volume, penter to center of rivet holes, is 5.88 in. by 5in. = 29.40 
cu in.- The area of an +4-in. rivet hole is 0.37 sq in., and the total length of 
holes is (# in. by 2) + G in. by 2) = 2 in., making aa volume of one set of 
rivet holes equal to 0.37 sq in. by 2 or 0.74 cuin. Subtracting this from 29.40 
gives 28.66 cu in. net volume of steel between rivet holes. ~, 
28.66 

5 
The moment of inertia of the cross section will vary directly with the flange area. 
The deflection varies inversely as the moment of inertia. The ratio of the 
effective moment of inertia to the gross moment of inertia is then determinable 
from the average flange area, and theoretically, in the case in question, should be 


The average flange area for the 5-in. length then is 


= 5.732 sq in. 


equal to oF o or 0.975. This corresponds to the quantity “m’’ given by the 


author. For the particular capes D-3 with dimensions of riveting as in 
the foregoing on the girder, ‘‘m’’ is given as 0.98. 

This is a close agreement ae theory and experiment and, incidentally, 
is a confirmation of the ideas of those who have believed it correct to compute 
deflections from gross moments of inertia. 

_ The authors’ conclusions regarding the position of the neutral axis agree 
with an opinion expressed by the writer in 1913.12 The reasoning then was that 
the net section exists over only a short proportion of the beam and that between 
rivet holes the position of the neutral axis is certainly found by using the gross 
area. It seems entirely reasonable to assume that the neutral axis does not 
shift up and down at every rivet hole, but remains in substantially the same 
vertical position throughout the length of a properly designed beam. It seems 
reasonable, furthermore, to assume that this position will be nearer to the 
neutral axis of the preponderating section, which is the gross section. 

The question of the propriety of using the gross moment of inertia or the 
effective moment of inertia for designing is a quite different one. 

The author states that conditions of stress on net areas through rivet holes 
are variable, and that the metal is stressed, in part, beyond the elastic limit at 
these locations, using customary working stresses. 

As a simple illustration of what happens, consider the application to the 
experimental girder. Suppose the effective moment-of-inertia method is 
adopted, with the value determined by the experiment, which is 0.98 of the 
gross, and only the flange is used. With a design stress of 18,000 lb per sq in. 
one should use 18,000 X 0.98 = 17,640 lb per sq in. to calculate the gross 
moment of inertia, and to proportion the flange. The net area (with +4-in. 
holes) of the flange is 5.88 — 1.02 = 4.86 sq in. The net area is then eae 

X 100 = 83.0% of the gross. This means that the average stress on the net area 

ae = 21,200 lb per sq in., or about 18.0% above the allowable of 18,000. 
_ In view of the fact that there is some unavoidable overstress at the rivet holes 

when designing in the usual way with usual stresses, it is doubtful if the effective 

moment of inertia method is proper to use when designing. 


12 ‘‘Design of Plate Girders,’’ by Lewis E. Moore, 1913, p. 42. 
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For quick designing by the section-modulus method the writer has found 
that, for ordinary plate girders, it is sufficient to determine the section by 
applying 85% of the allowable tensile stress to the moment and then using the 
tables for moments of inertia of gross sections. The designs so determined 
rarely need much revision of the main sections. 


W. E. Buack,® Jun. Am. Soc. C. E. (by letter) 18*— While engaged in testing 
one-quarter size steel rigid frames at Lehigh University at Bethlehem, Pa., in 
1938, the writer had occasion to investigate the effective moment of inertia 
that was being obtained in the tests. For one test specimen, a length of girder 
having constant cross section was tested as a simple beam loaded symmetrically 
with two equal concentrated loads. In the part of the beam having maximum 
moment, top and bottom flange strains were observed at various points, and 
the extreme fiber stresses were computed from them. The effective moment 
of inertia, as computed from these stresses, was found to be less than 3% smaller 
than the gross moment of inertia, and comparatively greater than the net 
moment of inertia. The cross section of the model girder at the location being 
tested was 6 in. deep, and consisted of a 6-in. by #3-in. web plate and four 2-in. 
by 2-in. by 4-in. angles, riveted together by 0.5-in. rivets having a pitch of 3 
in. This section, although small, represents a girder of decidedly different 
proportions than that tested by the authors, and it is gratifying that results 
obtained in the two cases were similar. 

The method of computing the effective moment of inertia used in connection 
with the aforementioned rigid frame tests was based upon an empirical relation 
that has been used previously by some designers. In this method, the volume 
of metal removed by the rivet holes in a given rivet line is considered to be 
uniformly distributed along the length of the girder at the same distance from 
centroidal axis as the rivet line. Thus, the reduction in moment of inertia of 
a given section due to one line of rivets would be, approximately: 


Nae ans ; eRe che Tete (6) 


in which AJ = reduction in moment of inertia due to the rivet line; A;, = cross- 
sectional area of rivet hole; g = grip of rivets; p = pitch of rivets; and d = dis- 
tance from centroidal axis to center of rivet line. 

In applying this relation, the neutral axis was assumed to remain at the 
centroidal axis of the gross section and the deductions were made from top and 
bottom flanges alike. This computed effective, or average, moment of inertia 
gave agreement within 1% of the experimental value of moment of inertia 
determined by the foregoing test. 

To test the applicability of this simple method further, the writer prepared 
Table 6, which is based on the authors’ tests. The experimental values are 
taken directly from the data presented in the paper. The computed values of 
Iz 
Te 


13 Instr., Dept. of Theoretical and Applied Mechanics, Univ. of Illinois, Urbana, Ill. 
18a Received by the Secretary November 6, 1939. 


m= (see Table 4 and accompanying explanation in the paper) and of the 
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flange stresses were calculated using the effective, or average, moment of inertia 
just described. It will be noted that the comparisons are made for only the 
bolted and riveted sections, which may be expected to simulate an actual 
plate girder in behavior. The comparisons show that the computed average 


TABLE 6.—ErrectivE Moment or INERTIA 


ie é 
e OMPARISON OF FLANGE StREssHs—STRESSES 
CoMPARISON OF VALUES OF m = Ta in Kies Pur Squakn INcH 
Specimen PT-1 Specimen PT-2 Specimen PT-1 Specimen PT-2 
= 6 In. = 2} In. P =5tIn. P =23 In. 
Section 
Com- Com- By Experiment Com- By Experiment Com- 
By puted, By puted, puted, puted, 
experi- | using | experi- | using |~ |. | +«using mm pemerenom bh; 
ment | average| ment | average| Top | Bottom |#®Ver@ge| Top | Bottom | 2verage 
I I flange | flange flange | flange 


C-1 0.970 0.972 0.928 0.943 17.7 18.2 17.7 19.0 19.2 18.2 
C-2 0.970 0.974 0.936 0.945 18.9 19.6 18.9 19.4 20.3 19.4 
C-3 0.962 0.975 0.916 0.953 19.7 19.9 19.6 20.0 20.9 20.0 


C-4 are a e0 0.930 0.953 Salas Sais haae ee age Akon 
aetor ae 19.3 20.2 19.6 20.3 20.3 20.0 


moment of inertia falls within approximately 1% of the experimental moment 
of inertia for test section PT-1, having a rivet pitch of 5 in., and within 4% 
for test section PT-2, having a rivet pitch of 2.5 in. The observed and com- 
puted values of flange stresses have a maximum divergence of 5% for any 
given section. It will be noted that the agreement obtained for the riveted 
sections is considerably closer than for some of the bolted sections. 

The writer does not offer this method for determining the effective moment 
of inertia of a girder section in place of the authors’ or any other theoretically 
sound formula, but rather to supplement such formulas as a simple working 
relation that will achieve approximately the same results. It is of interest to 
note that the values of m = iz computed by this method agree very closely 
with those computed by Equation (5), fork = 0.6. Regarding the application 
of any method for determining effective moments of inertia, the writer concurs 
with the authors that in the ordinary case, gross section may be used for design 
without fear of serious error. In those instances where the amount of material 
removed from a plate girder by rivet holes is unusually large, the test data 
indicate that an effective moment of inertia should be used. The method of 
determining the effective moment of inertia to be used in such cases requires, 
for complete justification, further tests on girders which have greater per- 
centages of material removed by rivet holes, and from both the web and 
the flanges. 

Many engineers, admitting the advisability of using an effective moment of 
inertia for the computation of girder deflections, still insist upon a net section 
when computing stresses. There is some basis for this stand in that the actual 
stresses existing adjacent to a rivet hole are probably much greater even than 
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those computed by the use of net section. Were the structural failure of a 
plate girder to occur by rupture across a transverse row of rivets, the use of 
net section would be justified. However, since the structural failure of a plate 
girder, under static loads, will occur, not by rupture, but by the general yielding 
of a comparatively large portion of the girder near the location of maximum 
moment, the high local stresses near the rivet holes and the high average stress 
across a transverse row of rivets lose much of their significance. Many tests 
have borne out this predication. Therefore, the observed flange stresses ob- 
tained by the authors using a 10-in. gage length, although not the actual 
maximum stresses, are the significant stresses when the prospective failure of 
the girder is being considered. The agreement between the observed flange 
stresses and those computed using the observed effective moment of inertia 
(see Table 3) is evidence enough that the effective moment of inertia may be 
used for computing stresses. 


L. E. Grrnter,“ M. Am. Soc. C. E. (by letter).““—The profession is 
indebted to the authors for prompt publication of these tests on plate girders. 
Recent changes in design specifications preceding the publication of these tests 
but possibly to be justified thereby, have upset standard procedures in plate- 
girder design and, naturally, have disturbed conservative designers. Net sec- 
tion, as well as its importance in design, has been taught to engineering students 
since the beginning of engineering education, and its sudden elimination from 
certain accepted specifications was too startling to be accepted without ques- 
tion. It is evident, therefore, that these tests, which are considered practically 
to justify the use of the gross moment of inertia, will be inspected with the 
greatest care. 

It is first noted that the two girders tested were only 12 in. deep. Hence, 
even the theoretical displacement of the neutral axis was a fraction of an inch, 
and the observed displacement was too small to be measured consistently by 
the available measuring devices. Another objection to a shallow girder as a 
built-up member for testing purposes is that the strains introduced by fabrica- 
tion would produce a disproportionate influence upon the test results. The 
irregularities in Table I would undoubtedly have appeared far less serious if 
the girder had been several times as deep. For instance, rivet slip, if it had 
occurred, would represent a serious influence upon the test results for these 
shallow girders. 

Neutral Axis.—Consistency is evident in the test results, reported in Table 1, 
in that all data indicate a small shift of the neutral axis in one direction. This 
shows the care with which the tests were made and confirms clearly the long- 
held belief that some deduction from the gross section is necessary to allow for 
the influence of holes whether open or filled. The fact that strain measurements 
were made on a 10-in. gage length which spanned from two to four rivet 
spacings indicates that the authors were not attempting to do more than deter- 
mine an average eccentricity of the neutral axis. The second important obser- 


14 Vice-Pres., Armour Inst. of Technology, Chicago, Il, 
14a Received by the Secretary November 10, 1939. 
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vation from Table I is that the location of the neutral axis, as obtained from 
flange measurements, does not agree with the location as found from web 
strains. Since these strains were obtained from a section where the shear was 
zero, one can only conclude that there must have been some rivet slip, or the 
theory of “plane sections” failed to apply for some other unknown reason. 
This is rather disturbing if conclusions are to be drawn from these data. 

If one notices that the average observed displacement of the neutral axis 
for all recorded data on specimen PT-1 is about one sixth or one seventh of the 
computed displacement, an important observation can be made. This speci- 
men had 34-in. holes at 5-in. spacing. Hence, less than one sixth of the length 

of the girder was influenced by the 
Jin Rn ae pO SE SE gS net section, and the observed “‘aver- 
age’’ displacement of the neutral axis 
was of the magnitude that should 
have been expected. Whether the 
3 DS ae ~~ ~=7_—sneutral axis actually shifts upward 
at each hole in the flange is question- 
able, perhaps, but the influence in 
added flange stress must be con- 
sidered in design until it is proved 
Fic. 7.—Posstnte UNDULATIONS Or NEUTRAL AXIS non-existent. Such proof is still 
lacking. Fig. 7 shows, pictorially, the 
possible shift in the neutral axis above a flange hole. Proof of this action is 
also non-existent at the present time. 

Effective Moments of Inertia-——The method used to measure the effective 
moment of inertia was based upon the observation of deflection. Of course, 
this indicated, accurately, the proper moments of inertia for use in future deflec- 
tion calculations, but it scarcely seems significant for maximum stress deter- 
mination. A deflection is produced by the cumulative influence of the stress 
at all cross sections. Since a major part of the length of the girder functions 
as a solid cross section without holes, it is self-evident that the effective moment 
of inertia, when determined from measured deflections, will represent an 
“average”? moment of inertia which will approach the gross moment of inertia 
closely. Surely there can be little connection between this ‘average’? moment 
of inertia and the proper value for use in the flexure formula. 

Flange Stress—Again dependence is placed upon a 10-in. strain gage and 
recorded values are carefully determined averages of the readings taken from 
four to eight gage lines. Recorded values, therefore, do not represent even 
the greatest “‘average”’ strains for 10-in. gage lengths. What maximum strain 
would have been recorded on a shorter gage length is purely speculative. 
Naturally,-it would have been higher than the “average” values recorded, 
which are from 2,000 to 4,500 lb per sq in. lower than computed values from net 
moment of inertia. It is clearly within the range of probability that strains 
* could have been measured on 3-in. gage lengths quite as high as the theoretical 
values. In fact, considering possible torsion in the cross section, it would not 
be particularly surprising to find measured strains that exceeded the theoretical 
strains for gage lengths of 1 in. or less. 
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Stress Concentration.—There has been much confusion about the subject of 
stress concentrations, and discussions of rivet-hole stresses have not been free 
of such influence. There are high stresses around punched rivet holes, and 
there would be high stresses even if plastic distortion had not taken place 
during punching. However, residual stresses from temperature change, or 
from overstrain, and even stress concentrations from discontinuities, are unable 
to resist load. A tension member with a hole may have a high localized stress, 
but this stress does not increase the load capacity (in fact, it reducesit) because 
the average stress over the net area A, is still - . Inexactly the same manner 

nh 
the stress concentrations around the rivet holes of a plate girder do not produce 
moment resistance and, in fact, they are more related to fabrication methods 
and similar influences than to the applied moment. 

Perhaps a clearer statement of the action of stress concentrations, residual 
stresses, etc., is that they are balanced stresses—that is, tension and compression 
occurring together. Thus under the smallest plastic flow they begin to reduce, 
and eventually they disappear altogether. Such stresses are not to be neglected 
lightly, but they are obviously less likely to produce failure than direct stress 
and flexure where direct load resistance is involved. Statics requires the average 
stress on the net section of a tension member to be equal to the load divided by 
the net area. The laws of statics permit no loose thinking in this matter, and 
it would be a very incautious investigator who questioned this fact or per- 
mitted test data to change his thinking in this regard. Perhaps bolts could be 
tightened through holes in a tension member with sufficient pressure to reduce 
the net effect of the holes, but engineers are not likely to be willing to let this 
possibility influence their belief that tension members must be designed for net 
section. 

The lower flange of a girder is as much a tension member as is a chord eye- 
bar of atruss. In fact, it serves the same purpose. Apparently any argument 
about stress concentration resisting load that can be applied to one can be 
applied to the other. Any thought that stress concentration over the entire 
section of the tension flange which is an increase of “average stress’ can be 
neglected in the same way that residual stress and stress concentration around 
rivet holes are neglected is subject to serious criticism since it conflicts with the 
requirements of statics. Admittedly, this increase of stress over the section 
of the tension flange at a rivet hole may exist over a very short length of the 
flange and may scarcely be found at all when measurements are made over a 
10-in. gage length. However, like a weak link in a chain, the effect upon the 
whole is serious, as statics demonstrates unerringly. 

Further Tests—It is not beyond the reach of modern testing methods to 
determine accurately the influence of rivet holes upon “‘total” or “maximum” 
flange stresses as distinguished from the authors’ determination of “average” 
flange stresses over a 10-in. length of span. With sensitive gages, strains could 
be measured on #-in. gage lengths at a dozen or more positions across one 
section of the web and the tension flange in line with a rivet hole. It would be 
preferable to perform this test under light loading so that the problem of 
inelastic strain near rivet holes would not be involved. Then, by transferring 
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unit strain into unit stress and by summing the total stress over the flange and 
web section, it would be possible to check either the so-called approximate or 
exact methods of plate-girder design. Such a test, to be most useful, should 
be made on a test girder of reasonable depth, as representative as possible of 
standard construction. Of course, there could be no particularly useful design 
information obtained from single deflection measurements because deflection is 
a measure of average resistance, whereas the interest in the present case is in 
the resistance of a particular section. The final check on the accuracy of such 


testing is obtained from statics. The total moment resistance of the section — 


obtained as the summation of the moment resistances of its fibers must equal 
the applied bending moment. 

Specifications.—Specifications should follow, and not lead, theory. Testing 
a procedure by introducing it into specifications before it has been checked by 
statics, well substantiated by tests, and even by use, is dangerous from more 
than one point of view. The questionable use of the gross moment of inertia 
in plate-girder design is a case in point. The influence upon the cross section 
is so minor that it is not likely to endanger a structure physically, but it seems 
to the writer that its introduction into specifications was far more serious, in 
that it tended to develop mental carelessness. The laws of statics are fixed 
matters that must not be changed by specification writers. When working 
stresses are to be increased, they should be straightforwardly raised, but 
“design moments” which are controlled by statics should not be reduced even 
if the influence upon the structure is the same. The profession suffered from 
the use of that artifice in flat-slab specifications, and there is no reason to 
reestablish a similar practice with reference to plate girders. The next step 
would be to omit the consideration of net section in tension members. Of 
course, this is no criticism of the authors’ tests, which were undoubtedly well 
planned and carefully performed. . The criticism is of premature use of antici- 
pated results by specification writers. 
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